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PKEFACE. 



Almost every reader of the newspapers has heard of the Steam Turbine, and 
is often led to talk glibly of the wonderful results achieved thereby in Manne 
propulsion and Electrical generation, but it is doubtful whether mauy» even 
among engineers, clearly ^raap the broad principles underlying the design and 
the factors which Hoiit the possible performance of this type of prime mover. 

Our knowledge of the properties of steam has made great advances, but 
the mass of research work on this subjoct has been performed in view of the 
idtimate application of the results to the reciprocating engine. During the 
last few years, however, research has been extended towards turbine phenomena^ 
and has elicited novel information, but up to the present moat of it is quatita^ 
tive rather than quantitative. 

Many fundamental propositions applicable to the water turbine are not 
m to the steam turbine, except by reservations of a practical nature differing 
vastly from those of the former case. And although hydro -dynamic theory 
and practice have been carefully worked out and applied to the water turbine, 
it cannot yet be said that a similar harmouy exists in the ca^e of tlie steam 
turbine — indeed, the mechanical obstacles are extremely formidable. 

In this volume an attempt is made not only to present the well-known 
fundamental principles in a concise and connected way, but in a way which 
will enable direct application to be made to the steam turbine problem* 

Further, to enable the reader to acquire the eorreot point of view, 
numerous arithmetical examples are given, exhibiting the way in which the 
formuUe may be manipulated, 

Tbe descriptive niiitter, which is arranged as far as practicable as a com- 
mentary upon the theory, has been curtailed to a minimum, but it is given 
sufficiently fully t^* afford an idea of the present development and probable 
future progress of steam turbine design and manufacture. 

More or less novel treatment of the subjects of leakage, governing, etc* are 
and also the results of some hitherto unpublished researches on the 
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impact of and flow of steam through buckets, and the erosion of metallic 
surfaces by high velocity steam. 

Several subjects, such as applied thermometry and the specific heat of 
superheated steam, which may appear at first glance to be extraneous matter, 
have been embodied in the book principally because lack of attention to these 
points has made so many test results conflicting and misleading. 

The book will at any rate serve a useful purpose if some who read it are 
prevented from wasting their time and ingenuity in devising Steam Turbines 
vhich are theoretically impossible or (more probably) mechanically imprac- 
ticable, and if others are assisted to form a sound judgment of the Steam 
Turbine problem, unswayed by the omissions and exaggerations of advertise- 
ments or the enthusiasm of fashion. 

I acknowledge my indebtedness to the various technical journals for much 
information of a general character; also to the Editors of Engineering for 
permission to reproduce several blocks and diagrams ; to the Councils of the 
Institution of Civil Engineers and the Institution of Engineers and Ship- 
builders in Scotland for various technical information. Other acknowledg- 
ments are made in the text. My thanks are also due to my friend 
Mr Reginald Moroom, M.A., for kindly reading the proofs, and to my 
publishers for their help and for many suggestions. 

ALEXANDER JUDE. 
Birmingham, June 1906. 
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THE THEORY OF 

THE STEAM TURBINE. 



CHAPTER I. 
FUNDAMENTAL. 

C0NTINT8: — Introductory — Definition of Turbines — Theorems — Bemouilli's Theorem — 
' Closed ' Buckets and Passages — General Cases of Steam Action in Turbines— Summary. 

INTRODUCTORY.— The theory of the steam turbine is like that of 
the hydraulic turbine in being based upon much laboriously acquired detail 
relating to various physical phenomena, but, as might be expected, differs 
from it in many important respects. 

The practical application of theory, however, becomes quite unmanageable 
through unnecessary refinements if worked out from first principles, and it 
has been foimd essential in both cases to make empirical, or even arbitrary, 
assumptions to simplify the calculations. 

On the other hand, in comparing the theoretical treatment of the steam 
turbine and the reciprocating engine, it has often been claimed that the 
former is much more straightforward and susceptible of more concise mathe- 
matical analysis than the latter. 

This is not really the case. If the theories are pushed to their ultimate 
and more transcendental conclusions there is nothing to choose between them 
either in the number of 'missing quantities' or the intangibility of the 
equations. 

In both, there are many abstruse physical points still to be determined, 
affording a large field for experimental reseaix;h. 

Doubtless the workers in this field will gradually perfect their investiga- 
tions, and the deductions therefrom will fall into line with the broadly 
accepted theories, and relieve practice from the thrall of empiricism. 

Thus, more accurate knowledge as to the dissipation of energy by eddy 
currents will in time explain the inner meaning of various coefficients without 
affecting the fundamental theories in which they are used. 

In the following pages an endeavour has been made to adhere to simple 
physical and geometrical laws as a basis, and to explain cases where the 
actual phenomena involved and the elementary treatment adopted appear to 
be at variance. Numerous coefficient values are also given, derived, for the 
most part, from experimental observation and practice. 



*J THE THEORY OF THE STEAM TUHBIXK 

It luHY U' well to nvall, at the outset, certain fundazuentAl prinoiples 
\:kuiiMl\ ii\^ ilio tluvry of turbines ; but, to begin with, it will be adris&ble to 
t'i'Hiuo :t tiotinition of what is meant by a turbine. 

DEFINITION OF A TURBINE,— il turbine U a prime mottrin 
iw'\i.^ /'M.ic.r* .*Aii.'»i;f».< III the momentum of a fluid are utUiied to pro'Juee 

\\ will Iv s(Vt) from tho fon'going that, given a quantity of fluid — steam, 
tor inst^ouv rtowin}* with ii volocity such that its kinetic energy is of apprech 
.t\*U' !u:t^niuidi\ tho pn^Mom is to detorminc how the change of monientum 
, .r.\ Iv r!Vivt«\l. iU\d tho xrouoral form of the mechanism required. 

V\w \\u\\>\\Vi' ot tho kinotio enorgy of a iKxly, solid, liquid, or gaseous, is 

k;:\iii b\ \\w rvpn^sion ' ^ , whon M is the mass passing in a unit of time 

y;lu' N,s\*;uP ;uwl • tho voUvity |H»r unit of time (feet per second). 

V\w wu^wwwuww oi i\ U\\\ is givon by the expression Mr. 

h\ oi\Um t.' tultil tho rtHptinnnonts of the above definition, the only 
ii\,il\.\l Ni-.uil'U- \\\ yv:w\w\^ for iHMumuuicating the energy of the fluid to the 
i\«t^M ivkiiN :> lo iSwtMon :t oliaii&ro in tlio velocity of the fluid. It is to be 
ivkttu-v:*.r.i\ nousi \\\ this ivumvtion, that pressure action plajrs no part 

ill the opriiltions Vn\ notary m:\ohiiio involving action resulting from 
piv^N\iu> IN .) u't^ny iMii;uio, — i\ nuvh:uiism entirely disthict from the class now 

U will N* i\«s'ON>:u'\ ,\\ iimos to assumo that tho machine is efficient, or 
\\m\\^ iM s^\\w\ NX o wis. tho ohatico in tho inoimMitum of the actuating fluid is 
ptvstiuoU with^uii \\:tNti*ful lutorual rt'sistaiioo, such as is produced by friction 
or »\Ki\ .UMvtitN aiul that tho linal .il»s*»luto voliH'ity of the fluid is reduced 

to a iiiin'.iuiiiii 

I'l^t uUnn:iii^ luaihomalual iloiuonstration of tho theorems which follow, 
\\w i.-.iiln »N i\'i'oMv»l to staiulanl works o\\ hydraulics or hydro-mechanics, 
riio ai^-oimvuiMUk; iloiuotistnaious will, howovor, l>e found sufficient for the 
|Mn-|Hvsos \\\ MOW . akui« whilo muoh whioh follows is doubtless familiar, a 
ivnowisl aoiiuamtauio is no\ortholo>s nHHMuuuMMhHl, inasmuch as it may be 
tho inoai\N of siu^iiositui: now idoas. and ha^ in any ca8i\ an important bearing 
ii|H»n I ho p»\»l»loins diMUsstvl in MiKMVjuoiit sivtions. 

THEOREM I. t J<- ./". »/"!./ I'/.7»iWh<7 »!/ right amjlps ofi an infinite 
piti'sr sr;r''ii.v. 

l.il \\ bo tho woijjhi of tluid jviiwinjr por sooond, t\ bo the velocity of 
tho jot in fool por sooond, and r tho vohHMty of the plane in feet per second 
in tho dirootion of tho jot, 

Tlion, if tho piano bo pniotioally suuMth so as not to cause splashing, the 
tluid will bo ilotlooto«l alonj; tho piano unifonnly in all directions, whether 
tho piano movo or In* at ri'st. It is further nocossiiry, to satisfy the require- 
uionl as t4> maxiuiuni othoionoy, that tho jot sliall bo free from internal 
disturlmnoo, as, for oxauiplo, in the jot prtxiuoeil by tho * anti-splash * nozzle 
oouunouly titttnl to diMuostio wator-tai>s. 

(fi) \Vhon tho phmo is at rest, the momentum of tho jot destroyed in a 

time t is ' » t, and the impulse given to the plane in the same time is IV, 
where I' is the totul normal resultant pressure on the plane. 
Therefore P= ^^'j 



if ' 
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(b) Suppose the plane to move with a velocity v represented hy AC, Fig. 1. 
Let AB = Wj the velocity of the jet. 

Then CB — 17., , the velocity of the jet relative to the plane, or the velocity 
with which the Jet strikes the plane. 

The pressure on the plane is therefore 



P = |K-«) 



(2) 



As before, the jet is deflected along the plane, so that it flows off* in all 
directions with a velocity v^-v relative to the plane. Draw CD == CB parallel 
to the plane. Then AD is the absolute velocity relative to the earth, or to 
tlie jet-producing apparatus with which the stream flows away. 



W 

The work done per second is — (v^^ - v^^) 

Now i;22 = (t;i-t;)2 + t;2. 



(3) 




Therefore the work done also equals 



W 



This is an important form of the expression, and its nature should be 
well noted. 

The diagram efficiency of the operation is then 

, = £lL=ii' or ?H<^ .... (5) 



f,* 



The velocity of the plane that gives maximum efficiency is 

in which case vj--^ 

The term * diagram efficiency ' has been used here to distinguish this kind 
of efficiency from numerous other efficiencies that occur in the application of 
various physical laws (e.g. the efficiency mentioned in the following statement), 
and may be obtained entirely from geometrical considerations. 

^or a steam jet the maximum practical or phjrsical efficiency 
mpact corresponding to (i) appears to be about 82 per cent, 
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that is, P is only realised to the extent of 82 per cent. The diagram 
efficiency (5) will be reduced in practice a oorrespouding amount. 

In a practical determination of this coefficient^ it is necessary to use a 
complete reflection of the jet, as in Fig. 2. 

Under the most favourable conditions there h 
always a certain amount of splashing, so that if a 
simple plane be employed, according to Fig. 1, ihe 
apparent efficiency is too high. By providing the 
double deflection, all particles of the jet have the 
opportunity to eraeige in the same direction. 

The degree of efficiency greatly depends upon the 
ratio of the surface of B to the area A of the impinging 
jet. The coefficient given above is an approximate 
maximum for this general case, and occurs when the 
surface B is as nearly a minimum as possible. 

For the double deflection P is, of course, equal to 2 1 x practical 

efficiency. ^ 

THEOREM IL—Jet of fluuJ impinging obliqudy on an infinite pime 
surface. 

(a) Plane at rest. 

Let be the angle which the jet makes with the plane (Fig. 3). 




- B JtiMmpi 
Fio. 2. 




Fio. 8. 



Then, as the fluid spreads in all directions — although not uniformly the 

momentum destroyed by the plane in the direction of the jet is the same for 
any inclination of the plane, and the pressure normal to the plane is therefore 



P = — ^ am 



(6) 



(b) Suppose the plane to move with a velocity v represented by A C 
Tlien CB = v^ is the velocity of the jet relative to the plane. 
Let ^ be the angle A C makes with in Fig. 3. 
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Let ff be the angle «;., makes with the plane. Then the pressure normal 

to the plane is P' = —^ sin d' (7) 

Resolving along and at riglit angles to A C, the pressure in the directum 

of motion is P = ^ sin ^ sin <^ . . . . . (8) 



The work done is E = ^^ sin ff sin <^ 

Draw C G ± to the plane, and G H ± to v. 
Then E = — CH 



(9) 



So that when 0' = O {i.e. tangential entry) the work done = 0, as is obvious. 




Fio. 4. 



Fio. 5. 



The diagram efficiency is iy= ^ 

A machine propelled in the manner typified by the above two theorems 
is not recognised as a turbine, but is called an impact machine. The 
momentum is not gradually changed in a practical sense, but suddenly. The 
theorems involved have, however, a very important bearing on turbine 
problems. 

THEOREM III. — Jet of fluid impinging on a surface thxU deflects the 
jet wholly through a given angle. 

This refers to any of the figures 4, 5, 6, 7. 

(a) Let the surface be at rest. 



Then 



P-^i(l+cos^). 

g 



(10) 



In cases (typified by Figs. 6 and 7) where the surface is in the form of 

a1 wide enough to receive the jet without spilling or shock on the 

^ the channel, it is necessary, if the whole of the stream is to be 
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deflected at the angle 6, that the jet shall be received by the suxfaoe 
taugentiallv a^s shown. 

For, suppose this is not the case. Then a certain portion of the jet| 
deiHMidin^ upon the width of the channel, will be deflected up the sides of 
the channels and will spurt out, as in Fig. 8. 





* I % I • \ 



^m^vm.w 



Km. 8. 



This (luautity its i" general, quite indeterminate. It is poesible, but 
highly inipix»l»iihU\ that, with a certain width of channel, angle, and velocity 

of iniiNict, the total pressure may be greater than 
V (10), but the determination is purely experi- 
niontal, and (n'ouliar to the actual conditions. As 
u nmgh estimation, the maximum pressure for 
normal impact cannot exceed 

^^'''^(l-hjcos^) 

For a steam jet the practical efficienqr 
of the process represented by Figs. 6. 7, 
and by (10) has been proved to be as htg^h 
as 98 per cent., but by Fig. 5 only about 88 per cent on account 
of the greater surface involved. 

(/») Lot tho surface move with a velocity r pirallel to the jet. This is 
tho only useful movoment for Figs, 5, 6 and 7, because the condition of 
tangential inijMiet or entry is essential. For any other movement it is 
neoes.siiry that the jet be supplied fnnn a succession of sources, or to a 
succession of buckets corresponding with the latend movement. This, in 
effect, is what is done in t)ie actual turbine. 

The pressure in the direction of motion is therefore 



The work done is 

K = — -^-J ^ (1 + cos ^) 

9 
The diagram efficiency is 



(H) 



(I. 



(1 



TONDAMfiKTAU 



Maximum efficiency occurs when ^ = (»Ve* complete reflection), and when 
f= Jl?p in whicli case r}= 1, 

Thiw k tlio kloiil ease of the ' Pel ton wheel.' 

The highest practical efficiency yet recorded with steam for 
I process {13) appears to be about 75 per cent x ^. Compared with 
i the efticieiicy of (10), it h evidcDt that the motion kack to diBturbances and 
I further la^sses. 

A machine propelled in the manner typified hy theorem IIL is a turbine, 
I although k> Fig, 4 the machine would b« partly an iinpa<it wheel and partly 
1 & turbine combined. 

In each of the foregoing oases of theorem lU, the impulaea given to 
I the surfaces may he clasBificd thus :— 

(a) The impulse derived from the normal impact^ or shock* In Fig» 4 

[ this is — (*?j - f?). In Figs. 5* 6, 7 it is 0* 

(b) The direct impulse derived from deflection as far as at right angles 
to the direction of motion. In Fig* i this m 0. In Figs* 5, 6, 7 it is 

(c) The reactive impuke derived from the reflection. This is 



^v 



for all four figures. 




» 



— (t?, - v) cos $ 

The distinction drawn between theae tliree operations is merely a maiier of 
convenience. The radiwd process is pre* 
cisely the same, and all three may have 
the same algebraictil expressions* On 
this accomit many writers do not make 
any distinctions* But the division into 
classes has an important practical signi- 
ficance ; for instance (a) doe^ tiot occur 
in a tur!>ine except when that machine 
is working thu it ought not Uj work* 

THEOREM IV. BERNOUILLIS THEOREM*=This theorem 
(originally applied to hydraiilics) is simply an eipression of the principle of 
the conservation of energy. 

Let A B (Fig. 9) be a pipe4ike passage of any form whatever, but with 
^eoEj' lines, so that the fluid has ample opportunity to completely fill the 
paasage at all pomts. 

The toUil energy of the fluid plus any external work that may be done is 
the same at all sections. 

At A, B let the pressure of the fluid be p^^ p^ respectively. 

head with reference to some fixed horizontal plane or some 

suitable datum be /^i, h^ r^pectively. 
velocity of the fliald be t?j, u^ ») 




„ I, specific volume „ r^ r^ i, 

f} M internal energy „ 1, U 1, 

*I quantities must be in similar units, feet and lbs. 



A, +p^v^ + .^ + 1, - ft^ 4- j.,v, + ^ 



(H) 



are negligible. 



■* * 



^-^- 
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For steam, h^ and h^ are negligible, but I| and I, vary with the prenore, 
dryness, etc. 

The formula may be extended by introducing factors for internal losseB or 
changes other tlian I, but in any case the sum of the onei^es — potentiil, 
kinetic, internal, and pressure energies — is constant whatever valnes and 
nature they may individually assume. 

'CLOSED' BUCKETS AND PASSAGES. — It has been 
ciplaincd that in any 0}7en bucket or channel where the whole motion of the 
fluid is required to be parallel to one plane, tangential entry is necessaiy if 
spilling id to be avoided. 

After tangential reception of the fluid in the bucket^ the subsequent 
curvature of the surface will gradually increase the width of the stream if 
the hitter be not retained by the side walls. If the width of the channel is 
just sufficient to receive the jet, there will therefore be a tendency for the 
stream to rise up the side walls as it approaches the outlet end of the bucket^ 
with the consc([uent tendency for the stream to become disintegrated or dis- 
turbed from a condition of unifonn flow towards the latter end of its progress 

Witli a perfectly ' closed ' bucket system such as indicated in Figs. 10 
and 10a the above objection still holds, but in a somewhat disguised manner. 




Fig. 10. 



Fio. 10a. 



Suppose a jet or stream of water to bo passing through the closed 
piissage a wliicli has the relative inclination <^ to the passage b; that is, the 
passage h may be still or moving so long jis tlie relative angle be oonsiderod, 
in whicli geometrical sense both passjiges are relatively still. 

When <^ = 0, the entry is tangential. When not tangential, draw r d and 
ef at riglit angles to the respective passages. Then it is obvious that there 
will, except for a large divergence, be a gi-adual change of section from that 
of passage a to that of passage h, together with a general change in the 
direction of motion of the fluid as represented by the centre line. The 
change of area not being, strictly speaking, sudden, there is little or no loss of 
energy (toUil head) from this cause, and Beniouilli's theorem for steady flow 
would apply. 

On the other hand, the oblique impact causes a tendency for the stream 
to spread in all directions on the surface of imjmct, and the backward. 
deflections i' r opix>se the incoming stream to a degree depending on the 
obliquity of the impact, thus reducing the effective khietic energy of the 
stream at entry. 

With a system of water passages more or less of the type above illustrated 
there will therefore be a tendency for the pressure-head withhi the passage b 
to be ditterent from that of the stream at c (L In general the nett efficiency 
will be less, either from what is equivalent to a choking-up, or to the presence 
of a pressure-head higher than that of the atmosphere in the latter ~*nion of 
the passage &, with the consequen* ^ the ste* 
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Further, as the water progroBses through the curved part of the passage 
[ t, the side portions of the stre^ui will endeavour Ut ispreacl^ and will be 
I repelled frotn the concave or working face up the tide walls to impinge on 
^ the convex or non-working face. Spurbus impulaeB are thu» produced which 
I are mt>stly mutually balanced. 

But the passage is sup[iosed to be completely filledj and repulsioti itself 
cannot occur to any great extent* The tendency to this will nevertheless set 
up an internal disturbance which, with the friction that nec^-asarily occurs in 
practice, will result in eddy currenta, and a more or less broken-up discharge. 
In the water turbine of the tso-cialled impidse variety, where there m intended 
to be uo change of pressure4iead in the moving passage b^ the water is often 
deliberately kept from contact {except for thg side 
reflected portions) with the back or non- working face 
by the provision of 'ventilating* holes in the aide 
walls. Fig. 11, which open the interior of the passage 
to atmospheric pressure. 

♦Such a provision praetieally converts the * closed' 
I bucket into an * open * bucket. 

The losses of efficiency by uoii-tangentiAl entry in the water turbine need 
not be further discussed, for it is at this point that the steam turbine and 
water turbine part company — mainly for the following reason. 

Water flowing in a pftssage that contracts by easy lines ha^ its pressure 
lowered while its velocity pro|xni*ionately increases, since the density remains 
constant With steam, however, a contraction of area is equally adaptable to 
an increase of pressure as to a decrease ; and, conversely, an expanding passage 

is equally adaptable. Tiic velocitiafl 
generated or suppressed are dei>endent 
on the change of density or of thermal 
conditions that accompany the drop or 
rise of pressure. 

The consideration of the variations 
in efficiency, due to the n on- tangential 
entry of steam into a closed passage, 
cannot therefore be dealt with until 
the pTOperties of kinetic steam ha%*e 
been determined (Chapter IIL). With 
an accurately formed turbine supplied 
with steam under the pre-arranged 
conditions, non* tangential entry only 
is adopted. The discussion of such 
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occurs when go>'e ruing by throttling 
crises is given in Chapter VL 

THEOREM y\ ^General easn of * reaction* of §tmm jei i$ming from 
a tlosed ciiaruhtr, 

Steam is supplied to the chamber c. by an elastic frictionle^ connection or 
its equivalent, and issues from the no^tzle or orifice with a velocity Vy The 
impulse given to the chamber is the same as the change of momentum of the 

Wv 

jet, and therefore, m in the case of impact, P = —J when the chamber is at 

rest. Fig. 11 

In the above theorem, the impulsive effect given to the cbamber is 

*nmonly descrilierl as due tcj the Vreaction' of the jet. It is obvious that 

prt^^tical application of this theorem the chamber c must rotate, the 
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steam being supplied through some stuffing-box arrangement at the centre of 
the shaft or its equivalent. 

A machine propelled in the manner typified by this theorem is considered 
to be a turbine. 

In general, the generation of the velocity of the steam is rather sudden, 
particularly when it is the only means of propulsion and the head of pressure 
is great. In this case the machine, as made, is called a ' reaction wheel.' 

In cases where this kind of reaction is mixed with a deflection impulse 

(theorem III.), particularly in compound turbines, the generation of velocity 

is comparatively gradual. 

Wv 
The expression P = — ^ is true for a stationary chamber, but w^hen the 

chamber moves, the similar relations do not hold unless the velocity of 
the chamber be comparatively small. 

^ The rotation of the steam within the 

chamber, set up by frictional contact with the 
walls, will itself create an additional pressure, 
due to centrifugal force. 

In the case of the tocUer turbine: Let v 
be the peripheral or nozzle velocity of the 
chamber (Fig. 13) and H be the original head. 
Then the additional head at the nozzle and 

created by the centrifugal force is —-, and the 

total head at the nozzle is H' = H-f--=— -, 

2g %J 

Fio. 13. which is the velocity the issuing jet is capable 

of having relatively to the moving orifice. 

The final absolute velocity is obviously li - v. 

The work done is therefore H - ^l^^ = v(y -v) 

and the efficiency = — — , or ^^ ^^^' . 

In the case where an elastic fluid is used, the centrifugal pressure varies 

according to a different law, and is not equal to — (see Chapter III., p. 48). 

2g 

Let H be the original head corresponding to the initial pressure ; v the 
velocity of the nozzle ; and Hj the head corresponding to the total pressure at 
the periphery. 

Then the nozzle velocity of the issuing gas or steam is IgYL^ = t;'*. 

As before, the final absolute velocity of the steam is v -v, 

(v - vY 
The work done is H - » 

4<7 







(15) 



where H = ^ , Vj thus corresponding to v^ of the previoiis theorems. 

The efficiency ^''^^f^- (16) 
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Gonf usion frequently ariscB on act^ount of tlie terms ' impulse ' (eonietimea 
o&Eed * action ^) and ' reaction * as descriptively applied to turbines, not fuUy 
expressing the particular methods by which propulsion is effected. There are 
two expre^isions in common use, * impulse turbine' and * reaction turbine,' It 
wiU here be convenient to state the sense in whicli these terma and eipreaaionsi 
are tused in the following pages. 

The term * impulse turbine ' will lie used to descrilw a turbine employing 
the deflection and reflection impube effects of IIL (l/) and (c). The tenn 
* action ' will not bo uatMi, but the term * rclfection ' will be adopted, as 
necessary^ to describe the iuipulae effect of II L (c), 

This impulse has sometimes been called ' reaction,* but the use of the word 

E* reflection' will prevent confusion with tlie reaction of V. For 
although these operationa may radically amount to the saujo thing 
1 there i^ an itiiportant characteristic difference between the reaction of 
111. (c) and the reaction of V* In the latter the velocity h created 
I wholly in or alwut the orifice^ and there is a diftert>nce of fluid 
procure between one end of the orifice or paK^age (which may be 
moving) and the other> But in the fomier, III, (<;), there is no 
difference of fluid pressure, and the velocity {kinetic energy) Ib 
conveyed to the orifice or passage from an eitemal aovu-ce. 
Tlie term *reactioir will be applied only to such reaction as is deacribed in V. 
The pro[>er interpretation of the term * reaction ' h&i been a fruitful catiBe 
of dispute, and appears to be an evergreen subject for discussion* It^ 
i does not secnj possible to give an exact definition of this unfortunate 
woitl that will satisfy all critics, and it therefore seems advisable to 
define the sense adopted in this treatise. 
All the so-ealled impulse turbines arc, as has been mentionedj deflection 
and reflection impulse (or, in the discarded sense, * impulse-with-reiiction *) 
turbines, The so-called * rciiction turbines ' of to-day are simply * impnlse- 
with-reaction turbines ' in the sense of II L (a) for the impulse and V* for the 
reaction. The two types, as thus indirectly defined, will at once be seen to 

■ posses8 characteristic differences, which mil become more apparent to the 
leader after the general case which follows has been described. 
I Tl*e term ^ impict ' always implies a normal component with the inherent 

inefficiency of a shock. Such action is to be avi>ided in the steam turbine, and 
I is chararteristic of the primitive impact wheels. 

General case of the tution of afiuid m appHm? in tfte iurHne teith ^closed' 
Ihuektt^ Of jpoju^affe^. 

Note. — Hereafter, buckets and such-like equivalent terms will be referred 
I to as vane^, unless there is any very ol^vious reason for the contrary. 

In Figs. 14 and 14a the As ABC, ACD represent the same thing each to 

The overlapping method of constrnction aa in Fig. I 4a presents oertain 
|fhdvantagcs which will become manifest later ou. 

Let O Ik; the outlet ends of the fixed passiiges (or * guide passages* or 
J 'nozzles,' ai& the cme may be; the selection of the proper term depends on 
I the type of turbine). 

Let M be a part of the system of moving vanes. 

Let BC (Fig, 14 only) represent the path of an elementary tliroad of fluid 

traversing the passage between the vanes, relative to the motion of the vanes. 

^Let AB represent in magnitude and direetioti the velooity of the stream 

* iig from the fixed passage. 
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Let AC represent the velotitv • 
Then, by the preceding roiii:i! 

enter the movmg passages witli<ni; 

must be tangential to the van*.. 

same direction as the velocity I'!'. 

to the vanes at entry (thcoruin 1 : 
Draw BF perpendicular u* M 
Then AF represents the vc' 

and is termed the 'velocity of V'* 
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which is the same as the change of momentum in one second when W is the 
weight of fluid passing in one second through one passage. P is then the 
pressure on one vane in pounds. 

The following form is sometimes convenient : For any group of moving 
vanes of similar size, let the maximum horse-power (indicated) expected be 
HP. Let r be the mean radius of action in inches, N the revolutions per 
minute, and m the number of vanes in the group. 

Then the twisting moment = =^ = mPr inch lbs. 

andP =63^iHP_ (20) 

P is the total pressure on one vane in pounds. 

Reverting to the expression (18) for the diagram efficiency, the reader may 

say : " the work put into the machine is H = --, and the work thrown away is 

^, and therefore the efficiency is — ^ , and this should be same as (18)." 

Now this is quite true of the impulse turbine, and only then when the 

various losses are zero ; but of the reaction turbine in particular this is not 

the case. 

V ^ 
In the latter case ^ is not the whole of the energy thrown away, as may 

appear at first glance. 

Referring again to Fig. 14, let us examine the transformations more closely. 

The common denominator 2g may be omitted here. 

1st step. The kinetic energy put in = v^. 

The work done = v^ - v^. 

The kinetic energy left = v^ + (V^ - v^), 
V* - v^ being in the form of head or pressure. 

2nd step. The residual energy may or may not all be converted into the 
kinetic energy v^. It is very possible in the simple case of 
water turbines that if v^ = o^ + V^ - v^^ the waste v^ will become 
so large as to more than nullify the anticipated benefit. In the 
case of the steam turbine, which is invariably compounded, v^ is 
very much less than v^ + V^ - v^, except in the last stage. 

So that at this second step the energy available = Vg^, 

and the work done = v^ - v^. 

The total work done is therefore 

V-V + ^s'-*^/ 
and the particular diagram efficiency is 

which may easily be shown to be equal to 

2t;(a^ - gg) 

T' 



16 THE THEORY OF THE STEAM TURBINE. 

The energy thrown away, or available for the next stage in a oompound 
turbine, is ^^-v^-v^-k-v^^-v^, although, so far as the diagram itself is 
concerned, the energy thrown away is v^ + v^^ of which the part t;,* is not in 
the velocity form, but in head or pressure equivalent to it. 

In the water turbine it will be just this amoimt of head ; but in the steam 
turbine it will be embodied with the V^ - v^ - Wg^, which is also in the pressure 
equivalent. 

SUMMARY. — Particular stress is laid on these several points, as a 
general sense of obscurity is often felt in attempting to reconcile the differences 
between the two types of turbine. 

These points are of importance in the theory when applied to an elastic 
fluid turbine. 

From the foregomg it will be seen that — 

(a) In the reaction turbine there is a transformation of potential energy 
into kinetic energy within the rotating member. 

{h) In the impulse turbine the transformation of potential energy into 
kinetic energy takes place in fixed external passages prior to entry into the 
rotating member. 

These statements would reqmre to be slightly modified in order to make 
them apply to turbines consisting of two oppositely rotating members, but 
without further comment, the reader will perceive that such turbines are 
simply mechanical variations. 

Neglecting fluid friction, we have the further distinctions — 

(a^) In the reaction turbine there is a diflerence of velocity and head of 
the fluid relative to the passages of the rotating member between the inlet 
and outlet of those passages. 

{h^ In the impulse turbine there is no diflerence of pressure between the 
inlet and outlet ends of the rotor passages. 

In the reaction turbine the inlet side of the vanes has to work in a medium 
of a higher pressure than at the outlet side, a condition involving a loss by 
leakage through the necessary clearance between the rotor and stator. 

In the impulse turbine there is no loss of this kind, but since, as a general 
rule, the relative velocities are higher than in the reaction type, the frictioD 
loss is probably greater. Further, since it is common practice for only 
a portion of the periphery of the wheels to be in use, there is a certain amount 
of what is termed * ventilating friction,' which varies approximately as the 
pressure of the surrounding steam. 

As in the water turbine, the reaction steam turbine is ' drowned,' that is, 
the complete ring of vanes has always to be in use and immersed in the 
working fluid, as is obvious if a difference of pressure exists between the two 
sides in the presence of a necessary working clearance. 

The passages are always completely full of fluid, and it will therefore be 
seen that, in order to solve the reaction turbine, the use of Bemouilli's equation 
is necessary for the accurate determination of all areas. 

The impulse water turbine, on the contrary, may not be drowned, and 
indeed should not be if the impinging stream of water be applied to only a 
portion or portions of the ring of wheel vanes. Partial admission, as it is 
called, is rendered possible because there is little or no difference of pressure 
between the two sides of the wheel, and therefore no inducement for the water 
to short-circuit. 

The impulse steam turbine, however, is of necessity always drowned ; and 
although there is a considerable loss of energy from shock of the live steam 
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^Woaii cloEwity within the vanes, partial 

^^y [»ntc!tical considerations. 
i. of wuter on air is obviously much 
shock is between steam and steam 

^iJ advantages of the best forms of both 
uk p.otwtructionfcjj but there seems to be an 
i .ijjftiiltio turbine will ultimately prove the 

iipljiiig that, of competing forms, the impulse 




Fig. 17.— Impulse Turbine. 

anly he the victor, Tlio steam turbine is young yet, and 
pro ! no p^.^seaacs substautial advantages that cannot be gainsaid. 
\i} 17 arc diagrammatic sketches of the two types (simple) of 
>j FigB. 59 and 61, 

»>1 both show the *axmr or * parallel' flow (Fr. *h(51e- 

, ■. ly. Inward and outward nidial flow steam turbines have 

riii'in amount of attention at inventors' hands, particularly in 

H* nf jd,* of the history of the turbine, but, with the exception of 

::..1 How turbine, Fig, 114, they have not hitherto achieved com- 

^ J and even tha Par^jnH variety has been abandoned owing to 

il ftuperiority of the parallel flow type. 

I liati, Uowever, taken pi nee during the last two years on the 
,i4jd several firms are now begiiuiiug to place on the market a 
fcr of for nit* of, as yet, unproved Jiiechauical merit. 
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HISTORICAL NOTES ON TURBINES. 

Contents :— Impulse Turbines— Early Records and Patents— Reaction Turbine. 

IMPULSE TURBINES. — As stated in connection with theorems 
I and II in the preceding chapter, the plain impact wheel is not a true 
turbine, although it often happens that turbines work partly under impact 
conditions, as when throttled, or when the vanes are inaccurately inclined. 
The plain impact wheel (Fig. 18) is met with in practice in the old undershot 
waterwheel having radial paddle-boards. 

As a method of obtaining rotation, this contrivance is probably older than 
history, but the impact steam wheel of Branca (c. 1630) is frequently stated 
to be the progenitor of the modem impulse steam turbine. The Branca wheel 





Fio. 18.— Impact Waterwheel. 



Fio. 19.— Pilbrow's Compound 
Impulse Turbine. 



is, however, only a plain impact machine, as in Fig. 18; and although the 
presence of the high gearing indicates that the great velocity of steam as 
compared with that of water was appreciated by the inventor, the retention 
of the radial vanes indicates that the conditions of improved efficiency over 
that of the existing waterwheel were not appreciated. The Branca wheel, 
therefore, can hardly be considered as the progenitor of the impulse Bteam 
turbine, except perhaps in being propelled by steam. 

Several other impact wheels of precisely similar characteristics were, ae 
usual, subsequently re-invented, but the first intelligible impulse steam 
turbine of which there appears to be any record is that of Pilbrow. 

Pilbrow's patent specification is No. 9658 of 1843. This inventor seems 
to have. taken the trouble to learn something about the behaviour of kinetic 
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CHAPTER II. 



HISTORICAL NOTES ON TURBIN' 

Contents : — Impulse Turbines— Early Eecords and Patents— H* 

IMPULSE TURBINES.— As suted bi connoctbij 

I and II in the preceding chapter, tlie plain impDu:t 
turbine, although it often happens that turl>ine» worl% 
conditions, as when throttled, or when the vancB art? 
The plain impact wheel (Fig. 18) is met with in practitrj 
waterwheel having radial paddle-boards. 

As a method of obtaining rotation, ilm coutrivAiii?*! 
history, but the impact steam wheel of Branca (r. I 
to be the progenitor of the modem impuliie steam tin i. . 
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Fio. 18.— Impact Waterwheel 



is, however, only a plain impact machine, as in 1 ' 
presence of the high gearing indicates that the l 
compared with that of water was appreciated hj iliij 
of the radial vanes indicates that the cotKlitions of 
that of the existing waterwheel were not appi-eciat^dj 
therefore, can hardly be considered as the progenitof 
turbine, except perhaps in being propelled by stoamn 

Several other impact wheels of pn^'^ivr-lv <^\tr\l 
usual, subsequently re-invented, but the 'Brat 
turbine of which there appears to be any record is l 

Pilbrow's patent specification is No. 9658 of h 
to have taken the trouble to learn something aboni 
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In 1889 began the series of important inventions of Dr I>e Laval, dii-ected 
tow&fds the solution of the problem of the Blaipla itnpuUu tuHiine. 

One of the distingnmhing features 
of the De Laval turbine is the more 
properly fomiDcl expanding no2t\e^ 
whereby the maximumi kinetic energy 
is obtained from the steam head* 

Fig. 22 illuatrates the principle 
involved. 

The advent of this tarbine un- 
doubtedly created an epoch in the 
history of impube steam turbines. 

In 1806 (PaL No. 2565) Mr S. Z. de 
Ferranti patented further varieties of 
the compound type previously notetl* 
for use either with steatn or \vith the 
gaseouy products of combustion. Fig. 
23 reprcsenta tlie general arrange- 
ment of one of his proposals- 

The arrangenaent shown in Fig. 24 
has also been suggested for returning 
the steam to the same wheel some- 
what in the manner proposed by Wilson. The inventor also claims the 
use of superheated steam with turbines of this type. 




Fia. ^2.— Do Lavars Simple Impule« Turbine* 




^ l;^ 1^ % 



Fig* S3p— PflFrtnti*s Co(m|jouod U,^ 
Turbine. 



FlO, 24. — Forranti's C<jmi»ound Irapuiise 
Turbine. 



It is aliso interesting to note that a peculiar name b applied to this 
turbine, which he calls an * impact-reaction engine/ 

In 1896 Mr David Cook patented (Pat No. 6073) a parallel flow 
turbine paHicularly for use with an int^smal combustion arrangement. 
This inventor appears to be the first to not overdo binding by 
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the method now being noted, and he confines his remarks to a two-stage 

turbine. He also illustrates thickened vanes. 

A few months later, Mr Curtis of New 
York patented (Pat. No. 19246 of 1896) a 
steam turbine of this type, but the only 
distinguishing feature of the application 
appears to be the rather elaborate explana- 
tion given in the specification as to the 

I ' J [{^— ^ reasons on which the arrangements are 

^ '- based. The illustrations of the turbine itself 

are either very crude, or are to be regarded 
as merely diagrammatic. 

Since the above date, further invention 
relating to the type has been directed more 
towards a perfectionment of detail, which 

had hitherto appeared to have been regarded as quite a subsidiary matter, 

or ignored altogether. 

Broadly speaking, there is another method of compounding the impulse 




Fio. 26.— Tournaire's Turbine. 




Fig. 26. — Real and Pichon's Compound Impact Wheel. 

turbine, viz. by adopting a series of simple impulse turbines, working under 
progressively decreasing heads of steam. 

Tournaire (1853) is frequently quoted as the inventor of this method of 
compounding. This may be true so far as the method is applied to a turbine 
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■'iM'sod arrangement. The first set of fixed 

'!i:ji jLTcnerate a velocity in the steam corre- 

'■^-wre less than the range available — just the 

in. !■. Iji;;h pressure to first receiver pressure in the 

.!np. This velocity is utilised as completely as 

. i ii;jf vanos. A similar process occurs in the next 

I applications of this principle, such tis the liatcau 

:< till ice, the number of stages is much greater than 

•uiulinj^ was, however, suggested by Real and Pichon 
>u^li the machine they describe is not a properly 
1 oblique impact wheel, or series of wheels. 




Fio. 27. — Hero's Reaction Turbine. 



Fio. 28.— James Watt's Turbine. 



Fig. 26 illustrates the general arrangement. Each wheel C was enclosed 
in a separate compartment, and keyed to a common stepped shaft G. 
Obliquely bored holes D in the diaphragms E direct the steam on to the vanes 
F attached to the wheels. The pressure was thus lowered in steps from the 
inlet A to the outlet B. 

This impact machine is exceedingly interesting from many points of view, 
and, apart from it not bcmg strictly a turbine, possesses many points in common 
with the present Rateau, Zoelly, and other turbines. 

REACTION TURBINES.--The reader is probably very familiar 
with the Hero engine (130 b.c.). Fig. 27. 

This isthe first reaction steam turbine of which there is any record. Known as 
the 'Barker mill,* the elementary reaction waterwheel did service for many years. 

History does not appear to record any further steps in the development of 
the reaction turbine until present tunes — an inter\'al of two thousand years. 
It has, in fact, only been resuscitated as a result of the development of the recipro- 
cating engine, and through the enterprise of one man — the Hon. C. A. Parsons. 

Nevertheless, a few suggestions towards improvement wore made prior 
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Fig. 29, — You Ratbeu's Siiujile Reaction 
Turbine. 



to the advent of the Parsfnis turbine, although few of them appear to haire 
emerged from the istagc of suggestion, or, at most^ the toy stage. 

In 1784 JartiGs Watt patented an ingenious eombiuation of the principle 
of the reciprocating engine and the reaction turbine. Fig. 28. The caae A is 
nearly filled witli eorae lieavy liquid, such as oil, water, or mercury. Steam is 
supplied to the inner roUiting veBsel B, whicii is divided, by the partition C, 

by the pipe D, E is the exhaust pipe, 
¥ F are two porta opposite one another, 
and opening alternately to the port G 
and the opening H respectively* The 
steam alternately displaces the liquid in 
either compartment by ite p reinsure (not 
velocity)^ and the rotatioti is obtained by 
reaction from the porta L. The liquid 
is returned to the inner chamber by 
the valves M, and the steam exhausted. 
Devices involving the propulsion of 
a heavy liquid in order to replace the 
higii velocity of the lighter fluid have 
received a considerable amount of atten- 
tion at inventors^ hands. They have 
hitherto achieved no practical BnccesBj 
but it is stilted that one important firm 
has recently given the matter very 
close attention, with very promising 
results. From a theoretical point of view the system is bad, hut it may 
prove useful in the development of an iut-cmal combustion ttirbine. 

The turbine invented by Von lit then (No. 11800 of 1847) is of interest* 
as it introducei an expanding cone for the steam discharge. Although the 
expansion given by the cones there illustmted is out of all proportion to that 
actually required, there is nevertbelesa the germ of the idea, subsequently 
introduced in more correct form 
by Dr De Laval for his impulse 
turbine. Inotherrespectsthe 
Yon Kathen turbine is merely 
a combination of four Barker 
mills. A sectional view is 
shown in Fig. 29. 

Robert Wilson, in the same 
patent spec iti cat ion referred to 
above in connection with im- 
pulse turbines, also included 
designs that arc practically on 
the same principle as the present Pai^ona turbine^ i.e. compound reaction* 
Figs. 30 and 31 show parallel-flow and radiahfiow arrangements respectively. 

It is stated that the alternate rows of vanes may either be fixed or oppositely 
rotating. This is also the essential feature of many subsequent inventions. 

In 1883 {Pat, No. 1G55) Dr De Laval patented a Barker mill arrangement, 
in which considerable attention (for about the first time in history) was giveii 
to pnictical working details. This turbine was inspired principally by the 
requirement of a fast running motor for driving the cream separator with 
which the name of De Laval is indelibly associated. 




FlO, 30.— WilsoD^a Parallel Flow Caippound 
Reaction Tiubine. 
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Fig, 3^ ilhistmtes the general arrangement of fchis titrbinei whioh employs 
lie t toil gearing for obtaining a lower speed of rotation for purposes of more 




Flo» 31.-~Wilaan*i Eodial Fluw Compound Reaclioti Turbine. 



general application. The imbalanced axial pressure provides the necessary 
pressure for the friction drive, a is tho reaction wheel or pipe. 




Fira, 32. — De Laval's f?[mple Reaction Turbine* 

The cvirved pipe arrangement of Fig. 32 is some times known as the 
"VSootch Barker mill.' 

The neitt imi>ortant invention was that of the Hon, C, A, Parsons, NOi 
0734 of 1884, which is described in Chapter V. 



L 
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to the a>]vont of the ParNHis turbine, although few of them appear to have 
emer^e^i fp>m the stage of sugsrestion. or, at mocst, the toy stage. 

In 17S4 James Watt patented an ingenious combinatioD of the principle 
of the recipnjoatin^ eu^ue and the reaction turbine, Fig. 28. The case A is 
nearlv tilled with some heavv liquid, such as oil water, or mercuij. Steam is 
supplied to the inner rot^itini; vessel B, which is divided, by the parUtion C, 

hv the pipe D. E is the exhaust pipe. 
F F are two ports opposite one another, 
and opening alternately to the port G 
and the opening H respectiTdy. The 
steam alternately displaces the liquid in 
either compartment by its preBSore (not 
velocity), and the rotation is obtained by 

rtsi'.'li'.ni iPMii tilt" p».»ria L. lilt km, 

m returned to the inner chajiilitr ■ 
the v^lreji M, and the steam e:KlijitisU^ 
Devices involving the propiiy<m > 
a heavy liquid in order to repkco tfr 
high velocity of the Ugtiter fluiH hf 
received a conji»ideral>le amouii ' 
tioii at inventors' hands. It ; 
hitherto achieved no practical sue 
but it h stated that one important I 
has recently given the matter 
close attention, with very proti 
From a theoretical point of view the system is bad, but f 
in the development of an internal combuation turbme. 
The turbine invented hy Von liathen (So, 11800 of 1847) b ol ini 
as it introduces an expinding cone for the sfceaui discharge. All]- 
expiinsion given by the cones there illustrated b out of all proporti' 
actually nxjuired, there is nevertheless the germ of the jdea, fttilK*i%jii*»i, 
introduced in more correct fonn 
by Dr Do Laval for his impulse 
turbine. In other resi>ects the 
Von Hathen turbine is merely 
a combination of four liarker 
mills. A sectional view is 
shown in Fig. 29, 

Robert Wilson, in the siime 
jxitcnt spocitication referred to 
al>ove in connection with im- 
pulse turbines, also includetl 
designs tliat are practically on 

the same principle as the present Parsons turbine^ i.e. compoutid 
Figs. 30 and 31 show panvllol-liow and radial-dovv arrange motitii re^poot 

It is Ktntod that the alternate rows of vanca nmy either be fixed or op 
roUiting. This is also the essontial ft^ahir*^ ut i^jmiv milmfV|iiei>t invu 

In 1883 (Pat. No. 1055) Dr Do Laval luitentcd a Barker mill M 
in which considerable attention (for alH>ut the first time in histoxy^ 
to practical working details. Tliis turbine was inspired prindr 
requirement of a fast running motor for driving the cream a 
which tiic name of Do Laval is indelibly associated. 



Fic. 29.— Vou Rathen*s Simple Reaction 
Turbine. 
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prove useful 
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CHAPTER III. 
THE VELOCITY OF STEAM. 

Contents :—r:.f Vel.xirv of S>aii:— UE^rttsii:*! Row of Gai>«»— Total Heat of Steai 
ExATTi]'.*^ — Rr>i-t.Hi Tow— Exisiji'ies— Straight. CoiLv«rg«nt. or Baanded Inlet >'• 
— Div*:;:-:.: NizzI — Exixni'Ie* — Lrntrlfa^ EiRfCt of Steam moTingin a Curred ! 

— Ex.4n.j Irs •■,f Z'^z.^riL Thiortin— Fr^&ur^ OscilLnions in Vane Ptonges. 

THE VELOCITY OF STEAM.— The subject of this chapter is 

conversion of the potential eiienrr uf steam iuto kinetic eneigj, or, :■ 
may v^iiuetimea be couvenientiv eiprtssed. the transfer of 'pressure' 
* vekicitv.' 

The efflux of steam from oritice:» ha> been the subject of a great dc 
cxf)erimentin^% and the phenomenon of the 'critical drop' of pre- 
which will Vjc explahied further ••n, appears to luive created much mjstifit 
in fonner years. The late Robert Napier was probably the one who v 
h\\i€f\ mrwt in denionstniting the general harmony between experimen 
theory. L-ttterly, Profe^ssor Rateau'.s experiment^) have established a }>■ 
identity with the<jr}' so far ii* niii>{j discharge goes. 

fieorgc \Vilsr>n, in 1872. conducted a most extensive series of expcrii 
on the cfHux of fluid air, water, and steam from orifices. The resiiJts 
investigations appe;ired in a voluminous series of papers publisii 
Knfjinemiuj^ vol. XIII. Wilson did not, however, appear to have come • 
vary definite conclusions respecting his experiments, but they certainly a 
an cf|ually vr^juininous amount of discussion. 

Within the last few years the experiments of Mr Koseuhain, Pn- 
iiaU.'Hn, \h!\ix\)*)TtQy Stoflola, and others, have contributed to a clearer 
Ktandin^^ than w;is connnonly available before, and some of their rcsu 
hcrr- )Hi n.fcrrod to in further detail. 

It iH ijJU'Htionablc whether we really know anything at all al><> 
internal n](M:)i;iniHni of transformations of energy. This need not, ]i<' 
deter us haux usin^ theories which, from a general point of view, haver* 
ex|K-rinjcnt»l confirniation. 

In the author's ojiinion, a complete series of experiments with ^, 

Kliai)ed fiH n(?arly theoretically correct as {jossible for given oondition 
there is really only one set of conditions per nozzle, not a nsMjfbpr) il 

wanting in onh*r to determine their practical efficiency in -^^"^ -' ™ 

variahlf?H, such, p.q., hh the shape of the cross section. 

UNRESISTED FLOW OF GASES.— When 
ronipresHion of a gas tak(?H |)la(Mj in a very short inten'al o' 
the process cainiot wry well be other than adialmtic, or ' 

'JO 
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the walls of the containing vessel have no time to transmit heat either one 
way or the other. But, sudden as the process may be, there is always a certain 
amount of resistance set up by friction on the walls of the apparatus and 
internally. The theoretical case of unresisted expansion will, however, be 
first dealt with. 

When a gas expands adiabatically it must do some work; and if it is 
not allowed to do any external work, it will do work upon itself.* 

Again, if a gas expanding adiabatically does work upon itself without 
opposition, the only possible form in 
which this can be manifested is appar- 
ently in energy of motion. 

The quantity of work involved is 
equal to what may be termed the 
difference of adiabatic states between 
the higher and lower pressures, and 
therefore the velocity acquired is calcu- ^^^' ^^* 

lable from a knowledge of those states. 

Let Fig. 33 represent an apparatus of any kind in which certain trans- 
formations of the energy of the steam take place. This apparatus may be 
a nozzle or an orifice, or the whole turbine itself. 

Let the various conditions at A and B be respectively — 

Pv P2» pressures (lbs. per sq. ft.) 
V|, Vj, specific volumes (cub. ft. per lb.) 
^i> ^» velocities (feet per second) 
I|, Ij, internal energies (foot lbs.) 

J is Joule's equivalent; the value 778 ft. lbs. per B.T.U. will be adopted. 
Let the useful work done between A and B be E (ft. lbs.). Then, collecting 
up the total energies at A and B and equating them, wo have — 

Il + ^'+i^l''l = E + l2 + ^'+i'2V2 

whence ([^+p^y^)-(l^+p^y.^) = E-^'!l^^^ . . . (1) 

This formula must be simplified, and suitable expressions substituted for 
the internal energies, in order for it to be practically applicable. This is 

easily done, for the term -i^ is the * total heat of the Steam.' 

J 

The expression neglects the specific volume of the water from which the 
steam is generated, but this is a legitimate omission, since this quantity is, 
in any turbine problem, relatively very small. 

Let A, hs be the sensible heat (from 32* F.) supplied for saturated and 

superheated conditions respectively ; 
Let T, Tg be the saturation and superheat temperatures (absolute) 

respectively ; 
Let C, be the mean specific heat of superheated steam between satura- 
tion and superheat temperatures (see Chapter XIL) ; 
and let H represent the total heat present, and 

L represent the * latent heat ' of steam (from 32* F ). 

* This is only one of the many methods of presenting the problem. 
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Then for the three coiiditions we have : 
(a) For dry saturated steam — 



(b) For wet steam 



H = /i + L = i^ (2) 



H = /. + a:L^^Y^'' .... (3) 



where x is the * dryness fraction.' 
(c) For superheated steam 



H = A + L + C^(r,-r) = Il:-p .... (4) 
(1) may now be abbreviated as follows : 

J(H,-H,) = E + '^^' . . . . (5) 

If the formula be applied to a nozzle or equivalent passage where the 
generation of kinetic energy is its only fimction, E is nil. 

2 2 

Therefore ^^^^^ = J(H^ - H^) (6) 

Or, to proceed a step further, suppose v^ is small compared with v^ (as is 
often the case), then 

g = J(H,-H,) (7) 

In any case, it is seen that the velocity produced is directly dependent on 
the total heats present at the beginning and end of the transformation. 

As a rule, Hg will not be known immediately, and probably only one of 
the lower conditions (usually pressure) will be given. Hj must therefore be 
calculated by an application of the adiabatic law, which has not hitherto 
appeared in the formulae.* 

When saturated vapours that have a negative speci6c heat — ^as is the case 
with steam, at least, for all practical ranges of pressure — expand adiabatically, 
the expansion is accompanied by condensation or decrease of dryness fraction. 

Saturated vapours having a positive specific heat increase in dryness or 
become superheated. Ether is an example, and with this vapour the con- 
densation takes place with adiabatic compression. 

It is often necessary first to find the dryness x^ after expansion. 

This is given by the following equation : t — 

Xg = li. /'?iki + log II) for wet steam ... (8) 
For initially dry saturated steam^ a:, = 1 . 

* The investigation of the adiabatic expressions is not given here, and the reader is 
referred to books on * heat ' and * steam * for them. The expressions required are therefore 
only stated here. 

t Hyperbolic Logarithms. 
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Also ajg = II ( -i + log '^ + Cp log -• ) for initially superheated 

sieam expanding to finally wet steam (9) 

Then H^ = h^ + ^2^ ^® known, 

and if Hi-H2«W _ 

t;= n/2(7JW = 223-8 >/W .... (10) 

The velocity alone may be obtained in a more direct manner by using the 
expressions for the work done during an adiabatic expansion, instead of 
performing the double calculation as above. 

Thus Work = J(H, - Hg) ft. lbs. 

= J I (ti - T2)(l + ^) - T2 log "^J \ for initially dt-y steam . . (11) 

or J I (ti - T2)(l + ^*)-T2 log -1 i for wet steam . . . . (12) 

or j{(r,-r2)(l+^)-r2logp + C,(r,-Ti)-C,(logr,-logT,)r2} (13) 

for initially superheated steam expanding to finally just dry or wet steam. 

If the superheated steam is still superheated after the expansion, as is the 
case when the temperature is high enough and the drop of pressure small, 
the above expression is unsuitable. 

For this case, the work done is — 

J{Ti + L, + C^,(T,i-Ti)-^r2-L2-C^(T^-T2)} . . (U) 

and V = 223-8 ^W as before. 

If Cp is constant, C^i = C^j, the value for which it has been customary to 
assume to be '48 (see Chapter XII. for more probable values). 

Trt is then calculable from the following relation that exists between the 
various quantities : 

^og 'Ti + T' + ^p (l<^g ^-1 - ^^Q ^i) = 

log "^2 + ^^ + ^P (log ^« - log ^2) • • • (15) 

^2 

Since Tj, Lj, t,i, T2 Lj and C,, are either given or found from the steam 
tables, Tg2 is readily obtained. 

If Cp be not constant for all temperatures and pressures, as appears to be 
really the case, it is necessary to know the law of variation of Cp before t^ 
can be calculated, the expression of the law (if it be simple enough) forming 
the second equation. 

fixperiments made up to the present date have not revealed any simple 
law that holds for both variation of pressure and of temperature. Recourse 
may, however, be had to a diagram such as B (Folding Plat«) for ascertaining 
the probable value of r^ 
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r*p. 



Fio. 34. 



Diagram B is constructed to particulars given in Chapter XII., and it is used 
for the present purpose as follows : jJj, Tj, t,i, p^, and Tj are given ; to find t,,. 

Through B (Fig. 34) on the t^ abscissa, 
draw BC parallel to the local curved dia- 
gonals of the diagram, cutting the r«i abscissa 
in C. Proceed similarly for r^ thus obtain- 
ing E G. Drop an ordinate from C cutting 
EGin D. ThenDisatTrt. 

It is now necessary to know C^i and C^ 
which depend not only on the pressure but 
on the values of t,i and t^^ 

Since C, is not constant, the average 
value of each must be taken over their 
respective ranges Tj to t,i and Tj to t^- 
These values may be determined from 
Fig. 190, page 186. 
Some examples will help to make the general procedure a little clearer. 
Example : Highly superheated steam and a small drop of pressure. 

Let pj = 180 lbs. absolute 
T,i = 500*F. 
1?2= 120 lbs. absolute 

The other quantities are obtained from the steam tables. 

From diagram B, the vertical through C (Fig. 34) cuts the 120 lbs. super- 
heat line EG at 443" F., that is, t^. 

By Fig. 190, Cpi = -875 and C^= 685. 
Then 

W={Ti-hLi-|-C^l(T,i-Ti)-T2-L2-C^(T^-T2)} 

= {834 -h 851 + -875(127) - 802 - 874*1 - -685(102)} 
= {1796-1745-9} 
= 50-1 B.T.U. 
= 37900 foot lbs. 
and v = 223-8 ^50a 

= 1582 feet per second. 

The corresponding values for initially dry saturated steam are 



33-2 B.T.U. 

= 25800 foot lbs. 
and 1290 ft. per sec. respectively. 



Example . 



Then 



Wet steam. 


Let;?i = 150 


lbs. absolute 




P2- 70 


» n 




x^= -92 





Ti = 819-5, L, = 861-6, t2 = 764 and L2 = 901-6 

764 j -92x861-6 , 8195 { 
1-6 1 819-5 ^^ 764 J 



901-6 I 819-5 
^-847{-967-h0713} 



^ 764 
87 (bare) 




T,.j are foiuid from (8) and (15) if roquimd* 
iilty ia presented to a straigbtforward culcula- 
d liferent and depending on 
. -^fi' uit not know any simple law of variation of C^. 
Iiowover, facilitated by the temperature-entropy 

nfMLractted in Figs. 37 and 38, are liuea of constant total 
' bmt uf the steam at any tenipemtnre oonditiou along 



„ b 

if WG know tlie easily calculated value 
., ue eaa find the line H'^. 

" tuta the superheat line S^ S^ in K, and thus t^ is known* 
■leiuat velocitv of the ateani is now 




H^ and the nozele 



^'- 223-8 VH^-B'^ 




34 THE THEORY OF THE STEAM TURBINE. 

The velocity and drop of energy may also be found very approximately for 
superheated conditions by diagram A, the process for which is described 
thereon. 

In practice, with nozzles or orifices properly designed and well made, a 

velocity efficiency f ^j of 95 per cent, may be obtained with fair reliability. 
Example of resitted flow with superheated steam : 

Let p^ =180 lbs. absolute 
T., = 500^F. 
» P2'^^ 2^ ^^- absolute 

„ m =—0 ~^^% by experiment 

V 

or v\ = '9iv 

From example on page 30, t;= 1582 

Therefore v = 1 487 

= 223-8 VHi-H'2 
By diagram B H^ = 1305*5 

Therefore H'2 = 12613 

The superheat line for a pressure 120 lbs. intersects H'g^ 1261*3 at a 
temperature of 451° or t'^. 

The final condition of the steam is thus determined. 

Critical pressure. — A few measurements which are readily taken from 
diagram A will soon reveal the fact that the steam flowing through an 
orifice presents some peculiarities which are almost as confiising at first 
as they were to the experimenters of old. 

It will be found, for example, that — 

1. Given a fixed upper pressure {e,g. boiler pressure), there is a certain 

lower pressure at which the quantity discharged through a given 
area of orifice reaches a maximum, and that, however much the 
final pressure be lowered below this critical pressure, the quantity 
discharged does not materially increase.* 

2. In a nozzle of any form, the velocity — presupposing steady flow — at 

the most contracted area is that due to this maximum discharge. 
It is also dependent on 

(a) the fall from the initial pressure to the lower critical pressure 
(about •582?i) when the final pressure is less than '58^^ being 
therefore independent of the lotoer pressure \ and 
{b) the fall from the initial pressure p^ to the lower pressure w 
when JP2 is greater than 'SSp^ being therefore dependent on 
the lower pressure. 
3. The pressure in the throat or most contracted area of a steam jet for a 
total drop of pressure to below '58 p, cannot be less than about '58jpi 
(note, this is for perfectly steady flow), and therefore expansion to the 
final pressure must take place outside the orifice. 
The earlier experimenters observed precisely the same facts when the 
conclusions of a vast amount of experimental work were compared, a grea 
deal of this work being devoted to confirming t' \tly curious resu 

* Observe that the line BC is a tangent to the x(i (q %t the critical pr& 

(Diagram A). 
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of predecessors, and endeavouring to see if there were not something wrong 
wiUi tbem. There is thus ample experimental confirmation of the general 
observanoes. 

The theoretical observations per diagram A, or from direct calculation, 
have been derived from somewhat abstruse formula), and the general explana- 
tion may therefore be lost sight of. 

Such an explanation is as follows : — 
Let Q be the quantity of steam passing per second in lbs. 
p be the density of the steam in lbs. per cub. ft. 
a be the area of section at any point in sq. ft. 
V be the velocity of the steam in feet per sec. 
Then, at any moment Q = fMv, 

In the case of a non-elastic fluid, p is constant ; therefore a is inversely 
proportional to v, av being constant ; so that, for an increasmg velocity, the 
passage will always be convergent. 

But for a gas, p varies with the pressure,' and it will be foiuid that pxv 
increases at first, and, reaching a maximum, decreases (purely a matter of 
steam tables and arithmetic) ; so that the passage will at first be convergent 
and then divergent. 

The section at the most contracted part of the passage is called the ^ neck ' 
or ' throat.' 

It naturally follows that the quantity discharged is a function of the size 
of the neck and pxaxv, and not of anything beyond. The pressure therefore 
as well as Q must always be the same at the neck for any given initial pres- 
sure, provided, of course, that the drop equals or exceeds p^ to '5Spy 

For a perfect gas the pressure at the neck is about '52pj whatever the 
value of pp and for steam the value is on an average about *58p|. 
The following table gives various values of the coefficient of p^ : — 





Gas 


n 


, 


Cotterill 

Zeuner . 
Rankine 


Dry air 

Superheated steam .... 
Diy saturated steam 

Moist steam 

Diy saturated steam 

11 ft II ... 


1-4 

1-3 

1-135 

11 

1-0645 


•52 
-546 
•577 
•682 

... 



n is the index in the adiabatic equations, and c is the ratio of p^ : Pi at 
maximum discharge. 

The values given above for steam are approximate. They also vary a 
little with the pressure. -58 may, however, be safely used for ordinary 
saturated steam in most turbine calculations. 

The equation for the velocity at maximum discharge with the critical fall 
of pressure is given by 



■V 






(20) 



nstant. 
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Figs. 41, 42, 43 are typical curves of pressure obtained with various forms 
of nozzles. 

It is perhaps unnecessary to point out that all the variations of {>re88iire as shown above 
are not the same sort of tiling that oocnrs when a steam-enjgine indicator fluctuates by 
working at a high speed* With the indicator they are mostly, if not entirely, spring 
oscillations, but with the noczles they are true variations of pressure, as measured by the 
movable manometer tube, etc. Refer also to the author's experiments described further on. 

These particular experiments show that, in general, for a Straig^hti a 
convergent, or a straight rounded inlet 
nozzle, a sudden drop to below the lower pressure 
occurs, the maximum depression progressing along 
the nozzle as the lower pressure decreases. Oscilla- 
tions are set up in proportion to the depression, and 
extend for about one and a half times the length of 
the nozzle beyond it into the exhaust space. 

Apparently the depression tends to a minimum, 
with a small difference between outlet and inlet 
pressures, and also with a large difference of 
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Fio. 41.— (Stodola.) 



Fig. 42.— (Stodola.) 



pressures when the lower pressure approaches a perfect vacuum ; but the 
depression and oscillations are at a maximum in the middle ranges. 

For a divergent nozzle (within such limiting forms as do not encroach 
on others), there appear to be, in general, no internal oscillations of pressure 
after those created at the neck have died out. If the lower pressure is below 
that for proper expansion within the nozzle, oscillations are set up in the 
exhaust space. 



tin»« 



TBE TRLOCrTY OF STSAM. 



39 




Flo. 43,— (Stodok.) 



Wlien the lower pressure coincides with that for the iioide espansion, 

ihe QQcUlations are n minimum^ and m&j he zero. 
When the lower preaaure m 

abo?e that value^ the pleasure 

Hms in the nozzle at a distauce 

from the eud depend itjg tipou 

the rise, and oscUlations ai'e set 

up outside. 

The»e external osicillations are 

materially affecti»d by the &ize, 

and probably by the shape, of 

the external space, and may 

either be prautic/iily ni/ or very 

large. What they may be like 

in rectangular nosizles is nhown 

further on, and experiments indi- 
cate an approximate 2 or 3 per 

cent, (p) lower eflBciency than for 

eiTcular nojszles. 

Professor Stodola comiiders 

that many of these oscillations 

are sound- waves, and by including the relation that oxists bet ween the 

velocity of sound in the ateam and its intrini^ic conditions, {i?«,u^, =^ Jgpvn], it 

appears that the plienomena oh- 
served can lie largely accounted 
for, both for the big and for the 
little oacillationB. The equation 
fur the variation of pressure from 
point to point in the length passes 
alternately through positive and 
negative values, and at each point 
where this happens the pi^eeeure 
curve changes its direction, up or 
down» as the case may be. 

For fnrther deductions and 
jioirjts of analytical interest, the 
reader h referred to Professor 
Stodola's excellent work Die 
Danipftarhine^ which has recently 
been pnblished in English, 

The most general conchifiionto 
be derived from the noss^Ie ex peri- 
rue uta of Professor Stodola is, that 
one must not expect to obtain a 
^ood result from a wrongly formed 
noiEJile, hut tluit it should be made 
aij nearly as possible for what it has 
to do» a condition more c^isily said 
than done in commercial practice. 
Mr Roaenhain made a series of experiments with various noazle^, working 

with heads of steam ranging from 20 lbs. to 200 lbs* (gauge pressure).* 
• Froc^ hij<h CimI EiigimefM^ vol. exK 
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The reaction of the escaping jet (as in theorem V.) on the nosszle and the 
quantity discharged were measured, the velocity being deduced therefrom. 

Fig. 45 is a diagrammatic sketch of the apparatus used for measuring the 
reaction. For measuring the discharge a collecting vessel was placed around 
the nozzle (Fig. 46), and the water measured after condensation in a surface 
condenser. 

These methods involved separate experiments for each set of measurements, 
but great care being taken in each case, by taking the reaction readings 
with a gradually rising boiler pressure over a period of many hours for each 
test, the source of error and discrepancy must have been extremely small. 

The following nozzles were used : 

Table I. 



Mark. 



I 
II 

IlA 
IlB 

III 

IIlA 
IIlB 

IV 

IVa 
IVb 
IVc 
IVd 



Descriptiou. 



Hole in thin plate 
Convergent— divergent nozzle 

The convergent i>art A B 

The divergent part B C 

Diverging nozzle ; slightly rounded 
inlet and large taper 

Do. shortened 

Do. do. shortened 

Diverging nozzle ; slightly rounded 

inlet and small taper 
Do. shortened 

Do. do. shortened 
Do. do. do. shortened 
Do. do. do. do. shortened 



Section. 




Dia. 

Neck. 

Ins. 


Outlet 

Orifice. 

Ins. 


•1873 




•184 


•287 


•1866 


... 


•1849 


•287 


•1822 


•368 


tt 


•255 


ft 


241 


•188 


•255 


»> 


•242 


>» 


•23 


i> 


•217 


»> 


•205 



Taper. 



1 in20 



1 in 20 , 
1 inl2 



I 



linSO 



As applied to the turbine, the velocity results are of the greatest interest, 
for the velocity represents the kmetic energy possessed by the jet, and it is 
a matter of secondary consideration how large the nozzle shall be (within 
limits) to pass a given quantity of steam, as the variation in size required is 
too small to affect the general size of the turbine. 

The Velocity curve is therefore an efficiency curve of the nozzle as a producer 
of kinetic energy. 

Fig. 47 shows the velocities obtained with the various nozzles working 
under progressive heads of pressure, the steam escaping in each case into the 
atmosphere. 
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Curve II, for example, gives tijc velocity ubtaiimble with uosede 11 from 
tnitbl »t^itu pressures (gfiuge preasurt-s) varjiiig from 40 to 200 lbs, ; the 
velodty with the drop 1 80 to being therefore 2850 feet per second. Curve 
a a gives the theoretical velocity obtainable with a perfect mm\i.% as given by 
diagram A or by culcalatioii. 

The velocity efficiency of nozzle 11 at 180 lb«, pi*easare ia for eiample 

_ = "929 and tho energy efficiency is (t-A = -862, 13^8 per cent, being there* 

fore lost. 

Cousidering the great variation in tlie form of the noKs&les and the great 
Taiiation of steam pressure (or, in other words, tht^ great range of departure of 
the pressures from the proper pressure of the nozzle, whatever it happens to 
be in each particular case), the small variation existing between some of the 





Fig* 45*— B^jaeahAin'H Reactbii 
ApiMimtos. 



Fi<j^ 46.— Roaeuhain^fl Discburge 
AppATntus. 



rosulte is very remarkable ; indeed, it almost amounts to a license for careless 
design. But even thiii applie."* only within reasonable limits, for none of Mr 
Koscnbuiu 8 nozzle^^ approach some of tht! gross forma used by Dr Stodola. 

The following main deductions should be noted : 

Up to about 80 lbs* pressure per square inch discharging into the atmo 
phere, the mosit effieient fonn of nozzk appeara to be the 'orifice in a thin 
_ ^' This dmn not, however, imply that it ia the best nozzle for a turl»ine 
under similar eonditions of pressiu'c. Witii this kind of onhoe the spreading 
is too grejit, and the internal ofldies and whirls too violent for useful 
application ; the efficiency is good so far as the nozzle itself is coiitierned, 
but beyond the nozzle, where the jet would \m applied to the turbine 
vanes, the jet is by no means in lU best form for doing useful work. The 
* orifice in a thin plate ' would therefore appear to be more applicable to 
reaction turbines of the liarker-uiill type than to other forma. 

A Urge rounded inlet (11) ai>pearH to choke up the nozzle a little ; it gives ^ 
rjmMmum discharge, btit at the expense of kinetic energy, that is^ of the kinetic 
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energy effet^tive m an axial directiou. This result is iiiterestiiig when compared 
with Rjittmu'^ eiperioiciital result8. Without this and Stodola-'s investigatioiis* 
it would ai>pear^ prima fmi€y that the efficieiicj of coiiYergent nozdee m uuity, 
according to Bateau. 

The greatest efficiency appears to be ohtaintd \shen the nozzle aligbtlj 
under-expaildS} atid the \om (ft energy increai^es rapidly with over- 
exjmnsion. 

Too long a taper for the higher pressure nuzzlei^ is detrimental, as is also 
too ahort a taper. Mr lioMenhain uoniiidorH I in 10, Of I in 12, the best ratio, 
Tiie De Laval noaalea, however, have a somewljat lesw taper than thii^ — about 
I in :J0. 

The inlet end of the noside ahouJd not have a large mdiua of curvature 
(as in II): hut, reviewing the conditions ui the light of Prt>fessor Stodola'n 
experiments as well, it appears that a email rounding-off is 
advatjtageous, as recovery from the initial shock takes pla^se 
more rapidly. 

It also apijenrs that a short convergent taper between 
the roiuiding-off and the throat would couduce to a quies- 
cent flow. 

In any case^ however, it is seen that with a no/.zle that 
^u reasonably correct in shape, and that is not expected to 
Hnrk with pressures for which it is entirely unsuitable, an 
"Sfficiency (velocity) of 95% may be relied on. This applies 
to nozzles of circular cross-section. 

I'ndoubtedly the efficiency is a little lower for sqimro 
or rectaugidai- uokzIcs, on accouiit of the natural internal 
iiistalvility of the jet* 

An appendage to a circular nozzle, to change the circular 
jet into a square or rectangular jet, also involves a loss of 
efficiency, rarely les^s than another 3 per cent. {velocJty)i 
and may often amount to 10 or 15 per cent., iiecording to 
the way it is made, its continuity, and the oonditiou of the 
aurfacses. 

These are matters lor w^hich there is ample scope for 
future experimentci-B who are not under the restraint of private manufacturing 
enterprise. 

Professor Ratean has made a number of eiijeriments, practically in two 
series and in a similar direction. 

In one ?*eries, instead of u>esisuring the reaction of the nozzle, the enei^y 
of the jet after emergeneo was measured by means of a double U-vane mounted 
on a balance, Fig. 48. 

W 

The velocity is ealculated by the formula P = ^(t^j + v ^ cos $) (theorem IIL). 

If there is no frictional or other loss on the vanes, t\ = v^, 

Rateau assumes the loss in the vanes to l>e very small, and he gets a 
tomhvml efficifucy of about 95% (velocity), or 90% (energy). 

These experiments ccrtjihily confirm the reliability of the 95% estimate 
before mentioned. 

The efficiency of a vane, however, varies considerably jiccording to its 
radius, etc* With the 's, commensurate with the size of the jeti 

98% vane efhciency f* be obtained, thus leaving about 96% for 

the nu^le in the alx 
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lUteaa's ocher seriei of expenmoitB w directad to aecantdr measuring 
the quaatitT disdarged tiuoagk COM f Crg cnt noaks. The suK/av 
cperamdi of the experiments diffiETS from that of Bosenfaain and others, in 
that Rateaa used an ejector eoodenaer, and measured the late, etc of the 
discharge of the tota] vater, and the temperatoies of the inlet and oaUet 
steam and water. He was thus enahlcd A take a large number of readings 
Terr n4MdlT, and he oofsaders that this feature prcaents an advantage over 
other methods, since the difficultr of keeping the conditiaDS stavij is 
eliminated. 

For a range of preasores from 1*4 to 17<h6 Hml p rea sor e, the difference 
between the actoal aind theoretical discharge (for sieadj onresisted flow) does 
not amoont to more than aboat 2 per cent, as a maximum. The meui 
discharge is 0*7 per cent, in ejtcess of the theoretical discharge, and the experi- 
menter attributes this to a possible fluctuation of the thermometer seros. 
Nerertheleas, Roeenbain showed that the large rounded inlet, sndi as that in 
Bateau's nozzles, tended to pass a maximum of steam. 

Ratean gives a very useful fwrnula for calculatiug the expected 
maximnm discfaai^e per unit area from nozzles. As has been stated in 
connection with Rosenhain's experiments, the shape of the convergent part 
does not matter very much, except that a large rounded inlet, as II, tends 
to give a maximum discbarge. Also, as before, it does not maUer much, so 
far as the quantity discharged is concerned, whether there is a divergent 
appendage or not, the area of the throat being the principal determining 
factor. 

All the following formulae apply to initially diy saturated Steam. 

Let I be the maximum discharge in grams per cnu^ per second, 

or D „ „ lbs. per sq. inch per second. 

Let Pj be the abt>olute inlet pressure in Kgs. per cm.^, 

or pj „ „ ,, lbs. per sq. inch. 

Then I = Pj (15-26 - 96 log Pj) (C.G.S. units) (21) 

or D =;?, (-01704 - '00136 log p,) (English units) (22) 

The logarithms are ordinary logarithms. It goes without saying that 
the lower pressure which does not appear in the formulae is either equal to 
or liclow the critical pressure ('58/?,). 

Example: Let/?, = 165 ll)s. per sq. inch absolute. 

Then D = 165 (01704 - 00136 x 2-21748) 
= 165 X 01403 

= 2*31 lbs. per second per sq. inch of throat 
or 8330 lbs. per hour 

ThJM will }>c found U) be about that given by diagram A. 
(•rashof's empirical formula for maximum discharge, approximating very 
closely to the theoretical discharge, is 

I = 15-26 P/^ . . (23) 

orD= -016 . (24) 
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Example : Let /7j = 165 lbs. per sq. inch absolute. 

Then log D « log -01654 + -9696 log 165 

= 5-218536 + -9696 x 2*217484 
•368608 
D = 2*337 lbs. per second per sq. inch of throiit 
or 8420 lbs. per hour per sq. inch of throat. 

This value is a little higher than given by diagram A. 
Bateau also gives empirical formula for calculating the theoretical 
consumption of steam per horse-power per hour on a basis of the upper and 
lower pressures and aiiiabatic expansion, and for the velocity theoretically 
obtainable for a given drop of pressure. 

Let K be the theoretical consumption in kilograms per cheval per hour, 

or C be the theoretical consumption in lbs. per horse-power per hour. 
Let Pj, P« and p^, p^ be the upper and lower pressures in C.G.S. and 
English units respectively. 

Then K- ■85 + 75--92 log P, 

log Pj - log Po 

or C=.l-85-H^^'f^-^'Q;Ji^g-^^ (26) 

log pi - log ;?2 
(ordinary logarithms). 

Hxample : Let p^ = l65 lbs. absolute 
|?2 = 3 lbs. absolute. 

Then C= 1-85 -H Ii:fz2-028 log 165 
log 165 -log 3 
,.0.^17-66-4*496 
^^'^-^ 1*7403— 
= 1-85 + 7-56 
= 9*41 lbs. per H.P. per hour. 

This is the consiunption a theoretically perfect steam engine or turbine 
would require when working with steam initially dry saturated at 165 lbs. 
absolute and exhausting at 3 lbs. absolute pressure. 

The formula for obtaining the velocity of steam for a given drop is as 
follows : — 

Let V be the velocity in metres per second 

or V „ „ in feet per second. 

V' = 100 /^^ (27) 

or V =328 /li!^ (28) 

Example: Let C = 9*41 lbs. per H.P hr. (theoretical). 

Then V=328,/Ui? 

V 9-41 

= 3670 feet per second. 



Then 
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The theoretical consumption can be obtained from (11), (12), or (13). 
In fact, this is necessary in the case of initially wet or superheated 
steam, as Professor Rateau's formulee only apply to initially dry saturated 
steam. 

For small departures from this condition the error involved by the use of 
the empirical formulse is not great, and for many purposes the result is quite 
near enough. 

In many others it is, however, quite as convenient to use the one formula 
as the other. 

Thus if W (ft. lbs.) = work obtainable per lb. of steam by either (11), (12), 
or (13), as the case may be, 

^ 33000 X 60 

_ 1,980,000 ,^Q. 

This formula has the advantage that it is applicable to drops of pressure 
to both above and below the critical limit ('58jt>j), whereas the Rateau 
formula) are limited to drops of pressure to below the critical limit. 

The necessary area of one or a series of nozzles for a given power may 
now be found as follows : — 

Q 

Theoretical area of throat (aggregate) = - square inches per horse-power. 

If the probable actual consumption is known and equals C lbs. per 
H.P. hr., 

Then throat area = A, = ^ . . . (30) 

If the lower pressure is greater than '58/?i (that is, a small drop), A, is 
the area of the outlet orifice. 

If the lower pressure is less than '^Sp^ the outlet area A^ is found from 

C' = ^ 

XV 

that is :^' = Vo^c' (31) 

where v is velocity obtained from diagram A, (10) or (28) according to 
circumstances, 
V the volume of C as dry steam in cubic inches, from steam tables, 
X the drynes^raction obtained from (8) or (9), or diagram A, according 
to cii^etimstances. 
The single areas obtained above may be split up into a number of 
smaller ones according to discretion and the design. The use of diagram A 
is always recommended when at hand; and having obtained the necessary 
dimensions of the nozzles or fixed passages, an allowance of a 95 per cent, 
velocity eflftciency when applying the steam jets to the rotating members 
of the turbine will give the designer figures that are not far removed from 
the mark. 

The formulae are more useful when the drop in pressure is comparatively 
small and the dimensions are obtainable in the diagram, although to gp* ' 
fairly accurate results even by calculation generally requires the use of thr 
or four places of decimals. 
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Yarious writers appear to concur in the view that the beat form of the 
divergent part of a noole m for it U> btf slightly concave ; indeed, as far m 
the utility of the emergent jet is eoncernetl, this is obvious, if an approach to 
parallelisni is desired. The point referred to, however, is the attainment of a 

» maximum kinetic energy for the drop. 
Parenty dediicea that the curve shonld be part of an ellipse, with the focus 
in the throat. 

The length is generally great enough for the elliptic curve to be 
approiimated without calculations, which are neceamrily complicated, and 
wbidi would serve little useful purpose, esjMjeially aB it is not by any means 
BM easy matter to make a liollow noz^io, even when of cirenlar oroas-aection. 
The difficulty is not lessened if a s^juarc or rectangular cross-section m 
adopted* Neither is it an easy matter to make the throat area, outlet area, 
and proper concavity perfectly related, and with continuous and equal longi* 
tadinal amoothueaa. Such work can be done, but the question of cost iB 
important. 

In the previous chapter it was observed that * head * was a convenient 
expression for iimny purposes. In the case of water, the head in feet that 
will produce a given pressure or create a given velocity is a magnitude that 
IB readily appreciable and has a concrete aspect In the case ol steam it is 
obviouBly not so. 



In the equation 
suppose 
then 



i; = 2000 ft, per second ; 

A =11^2225??= 62,500 ft. 
64 



CENTRIFUGAL EFFECT OF STEAM MOVING IN A 
CURVED PATH. — If the steam m perfectly t\ry when traversing a curved 

»path, the approximate pressure at any zone of the stream is calculable* But 
if any water is present^ it is practically impossible to obtain data for making 
a calculation of any value, or that will give results in accordance with 
observation* 
The water has a habit — if we may use the terms— <if collecting in strings, 
PU may or may not spread over the whole width of the curved surface of the 
tane or bucket. 
The position of these strings is not at all stable, and, with an apparently 
steady pressure, they take up first one position and then another. 
The greatest tendency is, nevertheless, to spread out over the whole of the 
curved surface, and to clinch the Hide walls (or shrouding), in the manner 
r shown in Fig* 8* 

^m The spr^iding out is a matter that takeii timt\ and ia dependent upon 
W where the water strings happen to be located within the stream at its dis- 
diaige from the no^.zle. 

With rectangular nozzles there appears to be a tendency for the water to 
collect in the oomers. 

Wlien w*ater is prc*^*^* the [ncMsure on the concave or driving surface 
invar .t:r tlian when there is no water^-as may he 




JS 



of the vane 
expected. 

The actual 



1 



1 by the presence of waves in the itrsi 



48 



THE THEORY OP THE STEAM TUBBINB. 



(Figs. 41, 42, etc.). These waves are sometimes damped a little by the stream 
being forced into a new path, but they nevertheless remain of appreciable 

amplitude right through the vane passages, 
or at least nearly as far as they would in 
the undeflected stream discharged from the 
nozzle. 

The existence of a centrifugal effect re- 
^^^ quires the condition that the stream lines 

"y^ 1^ ^^"^^^ shall be more or less concentric; that is, 

4» l! ! the stream must be conceived to be a portion 

of a cylindrical volume of gas rotating with 
a certain angular velocity. 

If the stream lines are all of equal curva- 
ture, there can be no centrifugal effect. 

In cases where the trajectory or true 
path is very flat, as is the case in dOme 
types of turbines, the centrifugal effect is 
practically nil, and the vanes may be of 
uniform section, and not thickened in the 
middle. See Chapter VII. and pages 1 28, 1 47. 
THEOREM VI.— Let Fig. 49 represent 
an annular stream of gas rotating with a 
constant angular velocity «. 

Let p be the density of the gas when not 
rotating, and let W be the total weight of 
the annular volume. (In the case of the 
volume between two vanes, a§ in Fig. 49a, 
W is the weight of the complete annular 
volume. The fact of the steam passing in 
at one end and out of the other does not 
affect the matter, and may simply be regarded as a mechanical way of 
effecting the rotation.) 




Fios. 49 and 49a. 



Let 



P 



Then at any point A measuring from the plane XY 



and by integration 

p = Ce 

where C is a constant. 

Further, 

W 



rt'"*') 



(1) 



^rdrdz 



whence by integration 






(2) 
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Example : Let r^ = J inch = -0277 feet 
r2 = | inch =-02083 feet 
^-1 inch = -0833 feet 
|) = 100 lbs. absolute x 144 (lbs. per sq. ft.) 
velocity of steam = 1000 feet per sec. 

Then u,= ^=iM ^41220 

r r^ + r^ 

2 

and ui2= 17x108 

A:=?= 100x144 ..^.o^.rv, 
f -^227r^^^^^^^^ 
W = 7r(ri2-ro2)x//p 

= 3-14 X 0003335 x 0833 x -2277 
= 1-985x10-^' 

Now find C from (2) : 

W 6-28 X 32-2 x 6-326 X 10*/ ^'^-j'^^^^'ll'IfA^,^^^^ \ 
^= 17)rr08 \^ 64-4x6-326x10* - 1 j 

•0833 



Vg6-326 X 10* _ i) 

/ -139 Y 1-317 xlO-« \ 



= 7-53x10 

= 7-53 X 10-'(1-149- 1)(1-317 x lO"') 
= 1-478x10-* 

Now find p at any desired zone from (1). 

Atr^: p = Ce ^^* 

In this expression any value of 2 from to /( may be neglected, as it has no 
appreciable effect, h must not, however, be neglected in (2). 



/ •139\ 
Ae ) 



Then ;?= 13430V 

= 13430 xll49 
= 15430 lbs. per sq.ft. 
or 107-1 lbs. per sq. inch absolute. 

At r^: rj = r^ Therefore 

^ = C = 13430 lbs. per sq. ft. 
or 93*4 lbs. per sq. inch. 

Thus the rotary motion causes the pressure to rise 7-1 lbs. at the outer 
zone, and to fall 6*6 lbs. at the inner zone. 

Intermediate pressures may be foimd similarly. 

4 



50 



THl THEORY OF THl STEAM TU£B1N£. 



EXPERIMENTS ILLUSTRATING THE PRESSURE 
OSCILLATIONS WITHIN TURBINE VANE PASSAGES, 

Iti tlieae experimeuta a iioxzle A of rectangular erosa-seution wan used, 
haying a pragreaaion of area suitable for the drop from 1 50 lbs. (gauge) to 
atmosphere. 




FlO* 60,— AjijiaratuH fttr olis^^rviug Oseilliitknia of Prefl8Ui'« \vitliiii 
TurbLuQ Ysine P»sBsg«s. 

The experiments were nevertheless made with a graduated initial preeauri^ 
riaiug from 50 lbs. to 170 lbs. gauge. The a team supplietl in the steam pipe 
was superheated to about 400" F. There would tlms for the lower pressures 
be an additional superheat by wiredrawiiig at the controlling valve^but thia 
m a matter that is comparative] y immaterial in the present experiments^ 
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Itez2f9 IniliMi pressure 
Bauge pressurel^. 
/70l39t30W90 70 50 30 10 



The first series of readings were taken with the flat plate B, Fig. 50, 
fastened to the end of the nozzle. By means of sounding holes aaa the 
pressures were recorded by a sensitive com- 
pound gauge. The apparatus as thus fitted 
up recorded the various amplitudes of the 
oscillations of pressure in the free space in 
front of the nozzle, the three remaining sides 
being open. 

The results are plotted in Figs. 51 and 52. 

Fig. 52 gives for each point of observation 
the variation of pressure in terms of the initial 
pressure. It will be observed that an insta- 
bility begins at about 90 to 100 lbs., and 
becomes more pronounced as the pressure 
decreases. This occurred to an extent which 



&&servsiiofi. 





Fio. 51. — Pressure Oscillations in free space 
outside Nozzle. 



Fig. 62, — Pressure Variations in 
free s^vace outside Nozzle. 



was apparent visually, and below 50 lbs. pressure the jet broke away from the 
walls of the nozzle, the over-expansion being too great for it. 

On the other hand, there is little variation in the stability above about 
100 lbs. 
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The second series of readings were taken witli the open bucket C attached 
to the end of the nozzle as ahowu, Soiiudiug holes h h b were provided all 
along the curved path. 

The total length of the semicircular arc is about the same aa the length 
of tlie fiat plate B. 

The ciurves plotted are to a common abscissa. 

Figs* 53j 54 J 55 rucord the result^s of this series, 

The third iSeries were taken with the closing piece D (corresponding to 
the back of an adjoiuhig varje) Jittcd in. The noazle in this case was placed 
J inch away from the mouth of the bucket, so a§ to give opportunity for 
the pressure to be atmf»ijpheric at eti trance {except for the superposed wave 
disturbance). 

The bucket passage was a little in excess of the area of the nozzle outlet 
area as shown. 

The results are plotted in Figs. 56, 57, 5S* 

Tlic general observations to be drawn from these oxperiments are^ 

{(i) That the external oscillatioua of pressure for a nox/ie or expanding 
pastiage of tiie common rectiingular sections that prevail in practice 
arc quite <is violent and extensive as with uozzlca of circular section. 

{h) That the external tJscillations arc not only preserved, but appejir to 
be considerably augmented in amplitude when constminiug the stream 
to move in a circular path ojwu towards the inside ; and 

(c) That there is a tendency for the oscillations to be dampod down a 
little with the closed vane parage. 

The great increase in the amplitude of the oscillations by the introduction 
of a curved guide for the stream is remarkable, and is prahably due to a 
com lunation of the true oscillations with oscillations due to the action of the 
guiding surface on the stream. 

Thus w^e might anticipate an abnormally high pressvirc at about points 
3 or 4 (especialiy if tlie ordinary oscillatory pressure were jxfsitivc tlicreat, 
which it happens to he)^ followed l»y anotlier abnormal rise at about points 
10 or 11, where the bulk of the stream would strike the curved surface after 
the Hrat rebound. 

Given the two al»ove oeenrreuces, we should expect to find an abnormal 
I'ise of pressure on the back face of the closed bucket at aljout point 21. 
This appears to he the case* 

It may be suggtiated that the presence of the gauge holes on the surface 
would exert a dtiturijuxg influence. Foasibly it does to some extent, but the 
main oscillations are ceilaiuly overwhelmiiig. 

However, it wjis for the reason that a Pi tot tulc^ was not a very practicable 
device to apply to the cuncd passage that a similar perforated surface was 
used in the fii>it experiments, so that in all three scries conditions should he 
e(jual in this respect. 

Although the oscillations arc of greater amplitude in the open than in 
the closed bucket, it is novcrthelcsa a fact that in general the open bitcket 
IB a more efficient propulsive element than a closed bucket. 
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WTO :— Simple Turbiues; ImpulB6 Type— Pure Reiictitin Tvjie-^OomWned rmi 
"«Mi Boaction Tjjie— Oompcjund rurbines, Impulte Typ«— Gmcfuated Pressure TurMBca 
— Giwduatcd Veli>ejty Turbiiiei*— Combined Grmdtiated Pressure and Velocity Ttubinea 
— OoinjMfund Reaction Turbines, Pure and Mixed— GfiDersJ Ranmrka. 
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GHNERAL OUTLINE.— In the present chapter a classifioation of 
leading tjpeh of turbiima, now l>eing inaniifactured, m presented. This 
acconipaiiied by a brief diKCLissioTi of their principal featiirea, to serve 
prepamtion for detailed description and more particular investigations. 

The diagrams which follow will largely be aelf-eiplanatory, &o that descrip- 
lions of them will be curtailed as far as f>osaible. 

SIMPLE TURBINES-IMPULSE TYPE^The velocity of 
the titeaiii in a tuvbiuc of thisi descriptioii is gcnerateci in a iiozs^lo or noKzle- 
like passage. The jet or jeta impinge on the wheel {theorem 111. and general 
caae), and give up the whole or as much m possible of their energy to the one, 
wheel. I 

Fig, 59 is a diagrammatic representation of one form of simple impulse 
turbine, in which N repreaenta the nozzle^ 

W „ ,, wheel vanes. 

Fig. 59a is a space—jjressvire diagram. 
Fig. 59b is a space^abt^late velocity diagram, 
Fig. 59c m a diagram of velocities, 

Ab the pressure falls the velocity rise», and as the steam passes through 
the wheel vane passages the velocity falls to the absolute velocity at eiit_ 
(A D\ the pressure remaining practicaMy constant therein. 

To take an approximate umnerical example. Supp<jse the pressure drop Ufl 
be from 160 to 3 lbs, absolute. The velocity created in the nozde will be 
alx>ut 3660 feet per second, and by the diagram of velocities — taking tio^^ 
account of losses — the exit ur waste velocity is 1080 feet per second. ^H 

PURE REACTION TYPE.— As previously described, the velocity^ 
of the steam is generated in the nozzle or nozzles fised tangential ly in the 
rotor, and the rotation is effected by a reaction process in the 
. theorem V* 

I Figs, 59, 59a^ 59b respectively. In 
n>se the initial and final presBure*s to 
and suppose the peripheral velocity 
lat is, 1830 feet per second. This sp 
the very best material and de&ign. 
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Figs. 60, 60a, 60b corrr 
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COMBINED IMPULSE AND REACTION TURBINE.- 

In Uiis type -corresponding to tKD geueml %ime of l*liapter 11.— a part of tlio 
velocity is generated externally to the rotor in Ho;^/ies, and the remainder of 

tht' head m converted into velo- 
city within the rotor pissages. 

Fig. 61 repreaeiite the gen- 
eral disposition of the work- 
iiig jTOssagea suitahk^ for either 
simple or eoniiKJuud lurbinets of 
the type. Note that the inlet 
nozzlcH ciiuiiot he iiiolHted, but 
must extend all round aa si 
complete ring. 

lu a nuinerieal eiample, with 
the twuue head as Vjefore, the inlet 
velocity is 2760 ft. per second, 
correnptjuding to a drop of pres- 
sure from 160 lbs. to about 21 
lbs. absolute in the nozzles. The 
velocity within the moving pas- 
sages IB increased from 940 to 
2915 by the further drop from 
21 to 3 lbs. The wjiste velocity 
IB 1331 ft. per second. 

This ia, of 
oourae, an ex- 
treme case, aud 
unsuitable in 
a practical 
machine, hut 
the transforma- 
tions are pre- 
cisely similar in 
the comix^und 
turbine {type 
4) about to bo 
described, al- 
though taking 
place 11 a 
smaller scale. 

COMPOUND TURBINES IMPULSE TYPE.-There may 
be almost endless varieties of compound impulse turbines, but they may be 
reduced in pmctice down to three bro^id chisses. These may conveniently be 
designated respectively m {1) graduated -pressure turbine; (2) graduated- 
velocity turbine ; (3) combined graduated pressure-and-velocity turbine. 

TYPE I. GRADUATED -PRESSURE TURBINH.-TUo 
process here involvLd is cummonlv known as ' compounding^ for pressure/ 
Fig. 62 is the pressure-space diagrauD, 
Fig. 62a is the velocity-space diagram. 

Figs. 6 2d and 62o represent a portion of a system of vanes in which the 
length of the vanes is constant, the increase of area nf»^«»""*v as the pressure 
dimuiishes being provided for by the stream spread!] 
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Fij2rs* 62ii and 63e represent a portion of a sjBtein of v&iies in which the 
side or perjpli4^ml width is cotiatant while the length of vaiie« increasas. 

In thcj^e diagmras extreme case^ are illustrated, m it m of ten helpful to an 
appreciation of the various limitations arising fn^m simple and apparently 
convenient mechanical *^i^suniptioim. ThuH, with fairly great ranges of 
pressure, neither arrangement would iu general lie pmcticaUj pOKgible, and 
a miiture of the two would be used. 

The approximate general arrange meut of thU and of the other types will 
be better understood by numeriml examples. Eotind figures will suffice for 
this purpoi^ and the e^juipanson will be on a common basis. 

It giitsB without saying that the main rea£K)u for compoimding ia to brhig 
the velocity of rotation, with wheels of a manageable size, down to a limit 
suitable for purposes for which the t^implo turbine without gearing is 
ungmtable. 

Thereforcj inBtead of a peripheral velocity of about 1500 ft per second, 
as in tiie ease of the simple turbine^ a peripheral velocity of 500 ft* per 
aeeond will be assumed a^ more likely to meet the mechanical requirements 
of the cases. 

Suppose tu all Grnci^ the initial procure ia 160 lbs. absolute and the 
exhuust pressure 3 Wm. absolute. Theorem IlL shows that with the perfect 
impulse vaiie arrangement the velocity of the vaue should be one-half the 
velocity of the inlet stream in order to obtain maximum efHciency. 

It is shown lu Cliapter VI. that in practice a velocity of rather more than 
one-half the velocity of impingement ^ould give best effect. In the present 
c&ae, suppose ^ = ^fy 

Now, refer to Diagram A. Starttug from 160 lbs,, tt is found that to 
obtain a velocity of 2 x 500 = 1000 ft. per t^ce,, the drop of pressure re*iuires 
to be U> 126 n>a. This determine.^ stage 1, that ia, A to B, Figs. G2 to G2e. 

Then start with 126 lbs, for the next stage ; and ao on. 

If the steam h re-dried between the stages Uy x=ly a new polar line must 
be drawn for each pressure-step. 

If not re-driefl lietween the sUges, the lines di-awu from each consecutive 
pressure-head will be parallel to the original (160 lbs.) polar line, since the 
wetness is cumulative. 

This laat process may be shortened, since the scale of energy is of even 
pitch. To find, therefore, the terminal pressure at each stage, it is only 
n€ceBBary to intercept the distance representing lOOO feet per second, once, 
twice* three times, .... between the curved giTjinate and the diagonal 
line through 160 lbs- Or, the aame process may he eftccted on the energy 
acale, the energy for each stage l>eing the same. Thus the pressureii at the 
beginning of each tJtage are (approximately) 160, 126, 98, 77, 59, 45, 34, 25i, 
18, 14, 10 J, 7i, 5 J, and 3j reai>ectively. 

The number of stages required in tbiH ease is therefore 14. 

The number of atf^gea can be found immediately by dividing the total 
energy available (209,000 ft. lbs.) by the energy corresponding to 1000 ft* 
per sec. (15,520)* This gives 13J stages, for the la^t droi>, 3j lbs. to 3 lbs., 
does not quite give 1000 ft. per sec. 

If at the end of each stage the steam has a considerable residual velocity, 
that amount— either iu velocity or energy— must be credited to the next 
following stage, and a few more stages w ire<? iplete the 

expansion. 

Form the broad outline of the method «tioo 
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of the turbine indicated above, 



Fit^. 53, 




>'w. ^^ 







the reader should have little difficulty 
in applying the method to the more 
accurate determinations involved in a 
practical case where allowance lias to 
be made for efficiency of nozzles, etc. 
These pointis are discuiuied in further 
detail in Chapter VI. 

TYPE 2. GRADUATED 
VELOCITY TURBINE.— In this 
method of compounding, which is com- 
monly termed 'compounding for 
velocity/ the whole head of pressure is 
converted into velocity in the first fixed 
])a8SJiges or nozzles, as in the case of the 
simple impulse turbine. 

Til is high velocity of the steam is 
tlicn exhausted in stages by passing 
through sevenU series of moving and 
fixed vanes, in the manner indicated on 
jMige 20. Figs. 63 to 63c have similar 
s>ignitications to those they bore in the 
previous case. 

Figs. 63h and 63c represent a system 
of vanes in which the exit angles are of 
constant inclination, the increase of area 
rotiuired by the diminishing velocity of 
the steam Wing provided for by an 
inoroa.so in the length of the vanes. 

If the vane length be constant (a case 
which is not illustrated here), only two 
stages are even theoretically possible 
under tlie same conditions as in the 
previous Ciise, and the efficiency will be 
very low. 

It is a very simple matter to find the 
approximate nimiber of stages that are 
theoretically necessary. The velocity 
obtainable by the full drop, 160 lbs. to 
.'} lbs. absolute, is 3650 feet i)er second. 
Divide this into 1000 ft. portions, and 
wo have the result, which is remarkable 
as comjuircd with that of the previous 
typo, of ro<iuiring barely four stages or 
rows of moving vanes. 

TYPE 3. COMBINED 
GRADUATED - PRESSURE 
AND VELOCITY TURBINE.— 
Til is typo iK'ai-s some similarity to the 
Oinu|M>\nul or triple oxpinsion engine, 
\\w turbine boing divided up into two 
v\v moiv cylinders, hi which the re- 
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Figs. 64 to 64e are a diagrammatic representation of this type of turbine 
in the three-cylinder or triple-expansion form. 

The relative conditions of the pressure and velocity will be recognised 
from what has previously been said. 

Figs. 64b and 64c represent systems of vanes in which the delivery angles 
of both fixed and moving vanes is constant. 

Figs. 64d and 64e represent systems of vanes in which the length of 
the vanes in each cylinder is constant. Supposing that the power to be 
developed in each cylinder is the same, the first step is to find the receiver 
pressures. 

If, as before, the total of energy per lb. of steam is 209,000 ft. lbs., the 
energy available for each cylinder will be 69,666 ft. lbs. 

Apply this measure- 
ment (Diagram A) by 
means of a pair of 
dividers between the 
160 lb. diagonal line 
and the curv^ ordinate 
Y Y, and it will be found 
that it corresponds to 
the 52 lb. pressure line 
(fig. 65). 

In a similar manner 
the correspondence of 
the length 139,333 ft. 
lbs. will be found to 
. occur at the 14 J lb. 
pressure line (approxi- 
mately). The receiver 
pressures are therefore 
52 and 14^ lbs. respec- 
tively, without taking 
into account various 
losses or re-drying ap- 
paratus. In any case 
figures under the same 




Ft. lbs. per Ib.steom. 
FlO. 65. 



they will not be greatly different from these 
conditions of head. 

The nozzle velocity in this example is given by scaling oflf on the velocity 
scale. It will be found to measure 2116 ft. per second. 

Splitting this up into 1000 ft. stages as before, we have two wheels or 
rows of moving vanes in each cylinder. The total number of stages is 
therefore six.* 

COMPOUND REACTION TURBINES.— Pwre reaction turbine. 
— One form that tliis turbine can assume is a series of Barker-mills, each 
working in a separate compartment at progressively dimhiishing heads of 
pressure. This arrangement has been patented by Parsons (No. 8854 of 
1903), but has not been commercially worked, nor does it appear to be of 
any practical importance. The number of stages for the same pressure con- 
ditions is the same as for type 1 of the compound impulse turbines. 

TYPE 4. MIXED IMPULSE AND REACTION TURBINE. 
— This is the now well-known Parsons type of turbine and is commonly called 
* As a check on the work, note that 3(2110)^*-36503. 
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['reaction tttrbine/ In a turbine of this type the expansion should take 
m from end to end of tlie turbine hi a regular ami coutinuoiis manner* 
Refeiriiig to page 13, it will be seen that the vane velocity m about the 
I as the absolute velocity of the steam at entry and exit 
For the purpose of approximating the nunil>er of stages, these velocities 
a J be supposed U^ be the same, and the vaiieij may he supposed to have a 
ght angled turn. 



Fig. ee. 
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Vine rcfocity \ 
SOOffpers 



¥m, 66b. 




'total 



Compouiid Ken^tion Turbine. Type 4. 

Employing the aame numerical quantities aa lie fore, the Telocity generated 
the fixed passages will be 500 ft. j>er sec, each, and the velocity genemted 
tlio moving passages will be aUso 500 ft, jier sec. The exact prooese of 
*tiou of the energy does not affect the problem* 

aa has been pointed out previouely, this is not the rnime thing a^ 
ng 1000 ft. per second in one operation; for 4(500)* = 1000% There 
therefore 4 stages where there was only 1 stage in type 1, and th© 
namlier with the sianie data is 56. 
Id this case, however, as expansion taltes place in both the fixed and 
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rotating ineinberK, the tx)tal number of pairs of stages — as compared with the 
n\iiul>erH, wliicli are numbers of pairs, found for the other types — is therefore 
*J8 ; that is, twice as many as in t^-pe 1. The number will in practice be niDre 
than twice, since the diameter of the drums at the high-pressure end hsm 
ncces^rily to lie considerabl}' smaller tlian at the low-pressure end. This is 
not coui])ulsory with either of the other types, although it is sometimes con- 
venient ti> make a little difference in the diameters. 

Fip«. (»(> to 6G(' typify the actual arrangement, and the relative quantities 
for tho>c ivirtii'ular illustrations are given in the table on page 158. 

GENERAL REMARKS. — Pure reaction turbines, either simple or 
isnu)Knnul, have no commercial representative at present^ nor indeed are they 
hkcly \o liavo, Kvause the pntblem of hitroducing steam hito the rotating 
nuMulvr is a very dirticult one, although, judging from the Patent Office records, 
It \UvN not scorn to tri>uble the diagrammatic inventor very much. 

The IV is, liowovor. no particular advantage attached to the type, and, as 
\\\ yviwxwt' the )vriphon\l velixrity would >>e about the same as the emergent 
st«\»ui \cKwity, tho advantage is certainly on the side of the impulse turbine. 

he \:\\:\\ apfK'ars to have {vrfected the steam Barker-mill to a greater 
extent \\\;\\\ anyone else, but ho has now abandoned this type (page 25). 

In appixAimating tho numltor of stages in the various compound types of 
tuvbnu\ tlu» jrenond mcthiKl of procedure has been indicated and simple 
.'tNHtuuptious made. In practice, those assumptions have to be modified accord- 
tni; lo the suiH'rhoatuig or dryness of the steam, the losses and the relative 
xrtlues \\\ tho vohK'ity dia«rnims, and there are, in general, a few more stages 
usjuu^^hI in each ease, Tlio provii>us examples are, however, all on the same 
^H'tn^fc*. auil an\ thoivfon*, losjitimatcly comparative. 

ri»e iv:»der may, on finding that ty]x^ 2 has only 4 stages, whereas the 
»»ihei-. wvjniiv II, S, :uul -S n»sj>octivoly, ask why this type is not recognised 
r»*' rnnnentlx ;»s the bi^l ? The answer to this question is that the high 
v% ^s ii\ oi jii,' steam is i-suher unnianageaMo ; enision of the vanes is serious, 
* jsmlU i»r ih.we \\\ the first n.>w : the steam is always \er\ wet when 
\\»'ikiui. uul *.|»ilhn^ tnul nllitnl lossi^ an* prohibitively large. 

hui^tou »•! hulune \anes in:iy hero bo conveniently dealt with. 

iK» .>Mu|Mn)til niil»nu' of ty^v 2 suffers far more from erosion than tho 

• i«i'!» luiiMiV.*' luilMoi' workiui; \xith tho siimc head. In the first vane 

'** *... . i\w »iUli\e \eliK»ty, or the vohvity of the steam over the vane 

1 ..:i. . ., I. ^,u j|u» uumeiuid oNainple^ aUmt Mi^O feet per second, against 

\\)\\* u I i<i t .«»«ind \\\ lite >nuple Inrbine. 

I'h. >>iuiuiuu\ »»i »he TaiNouN turbine fn>n\ onxsion has undoubtedly ltj(^ 

„.,.;^\ '.v ..nns^..,' \u.kl eu^iioh did not iveiir in other turbines ; and, conversely, 

.iv .\i\:anvv wilh »^«uu' loun*. of turbine has led to a disbelief in statements 

•> V a< .v;i»^\u»ai\o .kb-^onee of oi-^tMon in tlio Parsons turbine. The con- 

i*w*.*^ ^:v» *VAVVsk» v»uoiino\i^l\ dilVorent ; aiul in turbines taking steam at 

.tt^ •Uv\.V>* ^Ki^ ^"**^'^^'* ^'^ "'** h«litl\ to be ignonnl. 

^^ ;^ ^, - 1 ^^, um»u» i^hotomnphs of a few oxan^plos of the erosion of 
V* Vi. >«M^ui ;iWuV ^' dvMiojis fraction when in contact), moving at 
V^ \iN\*^^ K*\\»i ll»o Niirfaee. They an* typical examples of 
■ i «w ^uMvts* b\ the luitlitir. Tlio results obtained from 

_*^ ,^^^ 5^^lH\rtt«Hl bv tli.» MroMonco of wat<?r in the 
^^k \^^ ^*^ ^^ *^i^ erosive 
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agent. The genenl ooodhioo for this occmrence is still doubtful, but probablj 
has a direct relation to a critical peeuliamj in the microBtmcture of the metaL 

In ordinazy cases a rough nociao of the retire erodTe effect of steam 
with different degrees of vetneas ctn be oooTejed as foUovs : — Giren the same 
Telocity of steam — from 2000 to 2500 feet per seoood, ssj — with, in one case, 
about 9S per cent, dir steam, that is. before expansion, and, in another caae, 
steam inidallj supeiheated, if onlj bj 40* to 50* ¥^ the relative erosire 
effect is about as 4 to 1. 

On the other hand, many n>etals — alloys in particular — appear to erode 
more rapidly as their temperature increases, and it frei|uently happens that 
nearly dry or even superheated steam having a comparstively low velocity — 
say, 1500 feet per second — oocasions more erosion than wet steam. 

It is possble that the apparently arbitiary segregation of water referred 
to on page 47 considerably affects the resulting action, but to what extent 
is at present undetermined. 

The usual alloy for Parsons' vanes is 63 Cu + 37Zn, but a zinc alloy is quite 
unsuitable for superiieated steam or for high velocities, it being readily pitted 
and eroded, somewhat as in Fig. 71. Commereial copper (about 98 per cent) 
has proved fairly sstisiiactory with high superiieat, but for high velocities 
steel appears to be liesL Cupro-nickel (80 Cu + 20 Ni) is an excellent 
material, and has the advantage of being non-corrodable. 

Wetness. — Since a practically impassible degree of superiieat is neces- 
sary (800* to 1000* F. according to cireumstances) for the steam to be dry at 
the end of its complete expansion, it follows that in any type of turbine 
without special reheaters, and inevitably so in type 2, wet steam is present 
at least in the low-pressure parts of the machine. 

In types 1 and 4 the wetness is the minimum possible at any point, since 
velocity is only generated as it is uded. In type 2 ail the velocity is generated 
at the outset, and therefore the steam at its full wetness has to be dragged 
through the turbine from one end to the other, not only increasing the 
erosion, but materially reducing the effioiaiicy by an increased surface friction. 

The wetness of the steam in type 3 is intermediate between that in type 2 
and in type 1 or 4. It obviously varies between the two extremes according 
as the variety of the type approaches type 1 or type 2. 

In type 3, nevertheless, considerable difficult}' has been experienced owing 
to the erosion of the first series of vanes, and it appears that it can only be 
combated by the use of very tough and fine-grained material. 

Spilling. — ^Another argument against type 2 is that, up to the present, 
attempts to make the steam traverse a series of more than three pairs of 
vanes with good economy have not been very successful. Even with three 
stages the efficiency is much lower than that of the other types, as will be 
explained more fully in Chapter VIII. 

It appears that if the passages are * open,' so that spurious expansions and 
contractions, other than those due to centrifugal action and to the waves created 
by the nozzles, do not occur, considerable loss is occasioned towards the end of 
the series by the stream breaking up and spilling. 

On the other hand, if the passages are 'closed/ choking inevitably occurs, 
especially if the vanes are too short, as appears to be the case ' H:esigns. 

If there be any choking, the full head is not available at t^ ^ the 

velocity is short to start with. There is thus introd*"*'^ 
certain similarity to type 4, with a consequent leak 
other complications. 




€, Hteam ileve. 

D f! ti f ^mon- vAi VB or tlirotlle Tftlvi^. 
M HUatn cliest. 
/^. Turbine whee-L 
f?. Hhaft For tx^lt pullej. 
H. PInliin. 
tf . tieiirhipj wheci> 

jr. fl4R pulley 




r»XT8 ;— Simple Impulf« Turbinefl— The Do IavqI Tnrbiao -TIio Pelton Wheel— Rateau 
Stein? Pelton Whwl— Ru^lkr -Stump f Tn rhino— Com pou ml Turbines— The Rat*^au 
Tarbiue— The Fullagar Turlmie— The Z-.>elly TuHiine— The Stuuipf Turbine— Thy 
Curtis Tiiryni^ — Tho ParsoiiH Turbine— Mewlorn Poraons Turbine — Othor Turbines^ 
Thm hi P ' Tno t 111 n T n rbi u i^"^, 

SIMPLE IMPULSE TURBINES.— The first tiiH/me of thia tjpe to 
sittain any commercial success was tlie De Laval turbine. 

Tlie fimduruentnl patent feature of the De liiivid turlHrjc^ in the * expand- 
ing nozzle' (Patent No. 714*1 of 1889), the function of whicli, as has been 
estpkined, is U:i obtain an approxiiuately linear jet of festeatn liaviug a kinetic 
energy corresponding to the complete drop of pressure. A.s t!ie De I^val m 
solely a simple (Ce, one-stiige) turbine, the drop of pressure is that of the 
boiler pressure to coudenser or atmospheric pretssure, as the ease may be. 

It follows, therefore, that the wheel mnst Imve a very higli peripheral 
vel^jcity in order to have fiuy degree of etiicieiicy ; and unlesti wheels of very 
large diatueter {10 feet or more) be tidopted, gearing is nece^48i^ry to reduce 
tbe high speed of rotation to practicable limits. Since^ without gearings wheels 
of the same dianjetcr would be necessiiry for the sumllest as for the largest 
unit&, the cost of plain wheel turbines for small units would be prohibitive* 
With iimall wheels and gearing, however^ the contrary is the case with the 
De Inaval tnrbrne* It iw for this reJison that gi-eat attention has been given 
to the gearing, with the result that the latter iK the prominent feature of this 
turbine. As a small unit it has eanu^ a welUmerited auecass owing to careful 
design and workmanship, but it has yet Ui be proved that this success can be 
extended to sizes much larger than those common at present* 

The following table gives the approxlniate s[)eeds of turbine shaft and main 
drtYing shaft for varions sisses. 

Taki^k IL 



Sise of Tarbineu 



of Wheel. 



iiH.P. 

100 ,, 
300 „ 



100 mm. DT i in. 

150 ,, 6 ,, 



Spetd of Turbine Wheel 



Rovsy 



I Periphera.] 
•.*» ^i^ I Speed p feot 



225 
300 
500 
760 



Hi ,. 

m „ 

80 „ 



30,000 

24,000 
20,000 

1 3,1)00 
10,600 



515 
fllT 
774 

1115 
1S7S 



BevolutionB 

uf Drinng 

Shafl. 



3000 

2400 
2000 
1500 
1050 
750 



fl7 





opfMMile the fall hedj ai tht j^ m 
^Wbrlf , At tlie otber md td ^ht ^tifiee llie 
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Tiiat loss mntm Unoush this kmd of 
nhfMik wben tiie nanks mm plwctti «iiie]T 
ii[jArt iji iiiiqtiestioimMe ; mud it is probttlilj 
Gttk«0y Tur tbb reaacm Ibat an efliMncj of 
ia*ttrty 2 5 per cent, move In^ beoi olitaMd 
in art fiiperiQiental ease vith a senet of leii 
no'i'/M^ rnc^rgiiig one into the otiier, tliaai i 
given hy a iiiuilar aeries of boUted 
{lk4ii]X)rt€). 

On the wbole, however, tbe total 
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ysM\% kWii »4i%*i*»»%r imikt^^ noi^Ies^ which, iti the De Laval turbine* en:ibrac6i 
: lui of the periphery, are not great, and any lack i 
:[ i^iiws^eGtioii c»f the streain leaving the wheel is of 
^L|^ 'ts not nM^uired to be any aecurate tx)l lection of the 

H' t>«issagei ill order to pass it on to another wheel, 
i^j ,, -n! hirhhies. 

! .V lurl>it* '^i^g i^i these very high 
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^^relocitlea in a tiomewhat tiittereiit »ja.nuer thau is the ciiatom with ordiimry 
&loW'mo¥^ing wheels. It in praeticidly impoasible to muke a turbine wheel 
diac so that its mass centre shall perfectly coincide with the geometrical 
pentrc. By an arduous process of adjustment a fairly good job can be made 
of it^ but beyond a certain hmit this becomes costly. 

it is obvioui that, even when only minutely nnl>alauced, very high 
centrifugal forces will be set up at the enonuous spt^eds these wheels have 
to attain. Two remedies are, fortunately, open : either to make the shaft 
and bearings rigid and ample in order to counteract these forces, or to 
make the wheel and whaft system flexible enough to adjust itself so 
that the mass centre uf the system coincides with the geometrical centre 
H of m tat ion. 

H It has been discovered that, up t^j a certain oritical speed, the vibrations 
" of a flexible system increase, beyond which speed they practically cease. 
Secondary critical periods have also been observed. Recently Professor 
DuDkerley hajs made a series of special experiments with 
f apparatug of elementary form, and hiiM established a very 
H close agreement between the observations and a eemi- 
B empirical mathematical analysis ho had also evolved. Dr 
C%ree, however* appears to consider that Dunkerley^B 
aiiaJjsiB may lie very much simplified. His fornmlfc are 
given in Chapter XVL 

»I>e Laval has preferred the fi exible system of mounting 
his wheels, and it is found that vibration is absent provided 
that the critical velocities do not synchronise with the 
intended speed of rotation. The De l^aval wheels usually 

^ rotate at a speed of about seven times the principal critical 
velocity. The margin here is therefore ample, and the risk 
of hitting secondary periods very small. 

^Aa haa heeu ehowu, the De Laval vane passages are 
cloaed.* Several varieties of *opon* vane impulse tur- 
bines have, however, also been made. 

Open vane turbines may be either single-throw or 
double-throw. In the former, which corresponds to the ^lo. 78, 

cloeed-vane arrangement, the jet of fluid enters at one aide 
and emerges at the other in the usual way, thus ; Fig. 77. In the douhle- 

■ throw arrangement the jet is split up into two streams, thus ; Fig. 78. 
The latter arrangement lias the great advantage that side spilling, owing 
to a slightly inaccurate projection of t lie jet, is avoided. 

Open buckets or vanes genemlly have a complete turn of 180 degrees 
in one plane. In any c4ise, however, the entrance edge is preferably in the 
L direction of the jet in that particular plane which is tangential to the 
K wheel. 

W The double-throw water turbine is known as the * Pelton Wheel/ 
and is one of the moat efficient fonius of inj pulse tiu'bine. The steam 
Pelton wheel does not, in any form yet constructed, attain a similar 
efficiency, the respective maximum vidties being about 65 and 80 per cent. 
THE RATEAU STEAM PELTON WHEEL, which is to be 
I distinguished from the modern Kateau turbine, was invented by Professor 
I Kateau, who was one of the lirst to design a steam Pelton wheel that went 
I beyond the toy stage. 
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This turbine did uot attaiu tiny great succesi^ ; and indeed it h fairly 
obvious that spilling, due to the stream spreading while in cuutact with the 
-vanee, must have been eiceasive* 

A veiy simple e,\periment with a jet of steam impinging on a curved 

Rilate wide enough for the purpose shows that, for a seinicircuUr vane^ the 
et may spread from about four to ten times its width at entry* The 
ttuount of spread naturally de|.)endK ou the velocity of the steam and the 
mdius of curvature of ita pith* The al>ove figures are leased on the usual 
praportiona. 

Thus iu Fig, 80^ if there he no retaining walls and the vanea he of 
approximatelv the same width as the entering jet — ths in the Rateau wheel — 
the immediate waste of energy is represented by A BC find D£ F. 

With proportions somewhat as represented in Fig, 80 the experimentally 
determined Ujss of pressnre on tlie vane m 
about 24 per cent, with only one retaining 
wall away, and 42 per cent, with none. 

RIEDLER - STUMPF TUR- 
BINE. — An open bucket turbine that is 
at present being maimfactured by the 
Allgemeinc Elcktricitats - Gcsellschaft nf 
Berlin is known wi the Stumpf or 
Riedler-Stumpf Turbine. 

This turbine has attained a fair meastire 
\ of success. 

Fig. 81 shows portions of the bucket 
I eonstniction, which may l)e either single or 
I double throw, 

Tim bottom or working face A of the 
I buckets are semicircular, and are niilled 
\ from the solid rim of steel by a stepped 
milling cutter B. The [X>rtions C between 
I the buckets are then thinned dow^n by 
I another cutter ^o that a comparatively 
I sharp dividing wall edge is presented to 
I the steam jet. The width of the flange D 
f is such as to fully retain the stream within 
the bucket. 

The makers of this ttirbme have not followed De Laval in adopting a 
ejieed- reducing gear, 

r Instead of nmking snjall wheels to rotate at a very high Bpecd, the 
Stumpf wheels are of cousjiderahle diameter, and, the jiKowablc peripheral 
speed being the same as in the De Laval, a lower and more manageable 
speed of revolution is obtained. The difficulty of conatruction is, however, 
transferred from the gearing to the production of large wheels of homogeneous 
composition and accurate balance. 

The discs require most careful workmanship, fmm tlie stccl-rnaker onwards. 
The factors of safety connnon in ordinary engine design (frt>m 8 upwards) 
are, however, lumeecssarily high^ and a factor of 2 J to 3 is considGred 
ample, especially when the elastic limit of the material is above, say, 65 per 
I cent, of the ultimate tensile strength. This fact somew hat simpliBes tl 
problem. 

For wheels rotating with peripheral speeds of 1 200 to 1 600 or mor« 




Fig, 80. 
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per second the mild steel in common use for engineering structures is quite 
unsuitable, both on account of its having too low a tensile strength and on 




Fiu. 82.— 2000 Kwt. Stumj.f Turbine. 

account of its general lack of homogeneity. It must not be forgotten tliat the 
production of a steel forging of even approximately homogeneous structure is 
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one of the most difficult of metallurgical problems, whether the work be done 
bj hand or press. Large forgings are in this respect often little better than 
castings, although capable of withistanding a higher mean stress. 

Simple one-disc Stumpf turbines have been made as large as a 2000 



150 Buckets 




Fio. 83. 

kilowatt size, the turbine being direct-coupled to an electric generator. 
Fig. 82 illustrates a 2000 kilowatt turbine installed at Moabit, Berlin. This 
machine has a disc 6j^ feet diameter, constructed of 10 per cent, nickel 
steel. The speed of revolution is 3800 per minute, and the peripheral 
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dd 



Fig. 84. 



speed 1290. Two bearings are provided for the turbine shaft in this 
particular instance, but in more recent examples the wheel is overhung, and 
there are thus only two bearings for the turbine and generator — a much 
better arrangement. 

Figs. 83 and 84 illustrate some of the details of this machine. 

The nozzles are of nickel steel, in order the better to withstand rusting. 
The nozzles proper are of circular section, being bored out, but have their 
ends drawn out square, so that the steam issues in more or le^** f«*ntangular 



76 



-m THB08T Of THl STUM ttTBlUirS. 



jatc Itnerted m tbe no^e ring, tJi^ Conn % coqiIiummib nciszU on^oe apoud 
Hie wliaeL 

Th£ rndsal disuntice betw^o Uie whed aad iMole orifioei m *13 iDcii, or 
Utij^eritiaJlj tbt Mdging spnee far tlie wikmm jeia k ^39 iiiell* II U stated . 
that tlib claamjice may be peArijr doabled witlioat alvelliig tte eootiocuj, ^rf 

Single wlieel turbtnes (if Uik dcaciipiioci witliout geutng are aof« V 
profjt/ilitj nmdc for largo irnJU Uian smtall ooes; in facC^ disc and vane tncUm 
nUiJ, ff (ff the ooiiHQai] tjpe, ifl so kige aa to render them pn^hibitlTt fcrr ^muill 
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sticb that estpanaiou and creation of velocity in the licain shall gnlj take 
place io the fixed passages, Thia being fio^ it folbwa that^ as there is no 
drop of pressure l>etween the one end and the other of the moving 
pa^tsages in any one cell, the clearance between the moving vanes and the 
cashig is a matter of comparatively amall moment, and may be of a tKsmfort- 
able magnitude. 

The clearance between the fixed vanes and tlie rotor miiat, however, be 
reduced to a minimum^ U) prevent leakage arising from the di (Terence of pres- 
sure between the inlet and outlet of those passages. 

In most of the ai-rangements of ihi^ type tliesc clearance spaces 
are brought down to the shaft, wliich is obviously the position where 
leakage can best be reduced to a mini mum with the least risk of dangerous 
fouling* 

A turbine of this type wi^ designed and patented bj Parsons in 1890 
(No. 1120). The arraugement is somewhat unique in being radial inward 
flow in a parallel series. The construction of tliis turhine is showtt in 
Fig. 85, E being the fixed passages or nozzles through which tlie steam 
fiows from the outer annulus S, The arrftngement illustmttjd lias 13 cells, 
and it will be observed that the only intercellular leakage splices are tliose 
between the outside of the huVjs r and the diaphragm plates. 

There are many objections to 
this turhitie, the chief being the 
large coutact surfaces for the live 
flow and the comparative cosatli- 
ness* It waa not further de* 
veloped, and has Ijeeu abandoned 
in favour of the present type of 
Parsons turbine (type 4). Many 
of the details^learings, etc. — 
however, survive in a perfected 
fonu to the present day. 

THE RATEAU TUR- 
BINE. ^Professor Ratean has 
arrived at a very satisfactory 
solution of type 1 in the form of 
a parallel'ilow turbine. Fig. 86 
illnstratea the essential mcehan' 
ism of the Bateau turbine. In 
this form the only leakage spaces 
from cell to cell arc at tlie wheel 
hubs as Ijefore. 

The general construction and 
arrangement of parts is also indi- 
cated in Fig. 87, which illustrates a 375 kilowatt turbine (one of three) 
installed at the Pcnarroja mines in Spain for electric Hgbting. 

Each cell diaphragm j is made of thin plates, dished slightly conical, 
and riveted to a huh and rim existing, which is turned to fit a recess in the 
casing. The fiicd vanes are inserted in openings in the rim, these openings 
extending peripberally as the pressure becomes lower. The hul^s are 
bufihed with antifriction metal, but have an easy clearance around the 
shaft. Leakage from cell to cell can therefore only occur through ^Kr 
clearance at the bub. 
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The rotating vauea are attached to similar diBhed plates // riveted to hubs 
rhioh are keyed to the shaft. (See alno detail on page 171,) 

A steel shrouding m riveted all round the tips of the vanes, more especiallv, 
it is stated, in order to maintain accurate spacing and to give greater integraJ 
rigidity. 

Ample clearance is given between the shrouding and the casing. 

There are thus no tine radial clearances to complicate the pmhiem of 








fitting and erection, and the arrangement facilitates iuxmniey in centering. 
Tu the event of alight distortion of the ceasing or rotor by heat and esepansion 
no serious damage h donci since the huh liner readily wears mray by contiict 
witli the shaft. 

The usual eteamnce Ijetween the bushes and tiie shaft is about y&to inch, 
and the cleanmce between the wheel peripheries and the easing varies frotn 
abont J to fs inch, but the makers do not trouble about giving it a precise 
value. 
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PRiCTtCAL TURBINEa 

It will be observed that each i-otating disc is fully exposed to the 
presiure in it« particular cell, thus presenting a very large surface for 
•disc friction/ 

A ciiraory glance at the experiments with the De Laval turbine (see 
Chapter XL)^ and at the geueral experimenta on fluid friction, piima faw^ 
inducerl the opiniou that the Eiiteau and kindred turbiuci* rriight suffer severely 
ill econornj by cUsc friction. This, apparently^ is not necessarily the case, 
and Professor liateau states tliat hi turbines of 1000 to 2000 H.P. tins 
friction only amonntH to about 2 or 3 per cent. t>f tlie Tuaximmn power. 

At the ttame time, the contingency m by no nieauK one to be ignored, ami 
it is not difficult to design a turbine tliat siiall inisns^pectedly demand a 
proliibitive degree of power to tnerely drive it around, Tlierc is, or should 
be, Httle or no longitudinal thrust in this type of turbine, since the pressure 
h the aaine on Ixith side^ of any one moving disc. In the case of the Rateau 
inarhie turbine the last four or five rows of vatiea are not cojifinerl to separate 
'Is, but are moimtcfl on a common drum. Tiie two flat sides of this drum 
therefore exposed to the pressure at, say, the fourth, row from the end 
and to the final pressure respectively, thus producing a certain longitudinal 
tixrust, which h u«cd to counterlmlance the thrust of the propeller. A small 
ei}d thrust must in any case occur if there is much loss of relative velocity 
through the vane passages, and it is also varied hy the inlet and outlet vane 
augley. In the Rateau turbine theae angles are usually the same. 

The hearings do not greatly differ from the firrbnary construction of high- 
speed bearings* In the early turbines both bearings were embodied in the 
casing covers, and were themselves the glands as well. Leakage of air 
through the low-pressure VM?aring was prevented l^y nieans of an oil seal, the 
oil being forced in at a pressure of aliout 15 \\m. per square inch. This 
arrangement of bearingsj has since been aliaudoned, because leakage of oil 
into the v^teuum space and condenser becanie a seriout; matter. The bearingij 
are now made external to the wising, and the welbknown method of ring- 
lubrication is generally adopted, 

Tl»e Kateau turbine is being made by Messrs Sautter, Harle et Cie., i»f 
Paris, and has Tichie\cd h success that places it in the front rank. 

The Flllla^ar Turbitie. — At the present moment this turbine is not 
being manufactured, but it is chiefly interesting on account of its radical 
dittorenee in constructional detail from the Bateau and other turbines. 

F'igp 88 illtiatrates the general arrangement of parts, and Fig, 175| 
page 171, shows details of the vanea. Each rotating and each fixed element 
aonsiste of a flat plate lightened out, yet thick as com|>ared with the Uateau 
discH. 

The clearance between the fixed and moving plates is large, but, at a 
convenient place near to the shaft, the device illustrated in Fig. 89 is 
suggested. 

P are thin strips of metal fitted into annular grooves* They have a 
miuiunim clearance between their tips and the contiguous plate which moves 
relatively to them. As will be seen, the arrangement is intende*! to baffle 
the passage of steam ; and further, it is claimed that, in the event of any 
considerable lateral displacement of the i*otor in the direction of fouling, the 
tips of the thin strips would be immediately scored off without doing any 
damage to the turbine as a whole, 

THE ZOELLY TURBINE,— -The detjiils of this turbine are in- 
tended to differ from those Just outlined. The essential feature of the turbit^" 
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as |)atented (Pat. No. 18970 of 1809) conekts in the spoke^like conBtmction 
of the wheek. This m illuMUrated iu Fig 90, 




i 






If 



1 

J3 N * cS C S C 

H w > p: a ff; c 



^<3 



■ i =^ i *■■ '• -' 



"B 



s 


M 
o 




e 


g 




^ 


1" 


sf 




P^ 


2? c^ 



o e: Q ^ ^ 




The vanes a are in the form of spokes, thick at Uie hub and tapering 
to the proper vane ahape at the peripliery, where the steam impinge. By 
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m& metliod uf cKJU^t ruction the atresRes due to centrifugal force are, it m 
cUimed, reduced to a minimiuou. 

Tbe vaiie« are also stronger tliaii those of uuiforni section, to resist the 
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bending moiuent thie t« the impulse of the steam. It is elamied there- 
fore that, for H vvlieeJ of given cliaineter, the working depth of vane and 
the sfMfed of rotation may eafely be gieater than for u turbine coustnictedi for 
lesample, on the Hateau plan, and the nuniber of stages may in consequence 




¥iQ. »L— Zoellj TurbinB, 

The patenteeB, however, make no reference to the strength of the side dtsca 
which enshroud the wlieek up to their working zone. Whatever may he the 
true theory of rotating discs, the stresses set up in these discs are necea- 
B&rily bigh^^ tpiite independently of the stressen due to external loadhig (tliat 
18, carrying the vanes and resisting impulse), and wliich are in most cases 
oomparatively small Moreover* the atreases will certainly not be reduced 
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ar yljape of the discs here illustnit(?d, and may even be 

90 htm particular reference to a Mimple turbine^ but the cou^triietion 
squall J to the compound variety. Fig, 91 illuiit rates tiie low- 
portion of the ciomiKJUud Zoelly turbine (Pat. Ko. 1062 of 1902), 
of the usual parallel-flow form, the high pressure being a semi-radial 
Uown ill Fig. 90. 

92, 93, and 9i illustrate the Zoelly turbine as recently constructed 
s Escher, Wyss <k Cie,, of Zurich. 

rather difficult at tirsit glance to reconcile the details of this 
istniction with those of the original patents, and its approiii- 
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r4!>ga1iitiTiK v&lve. 
for woi king regulator, 
dises, 

outer riD|^> 



A. Dtstunce-plcC'^ betw^n vanes. 

i. RatAJiiing flanges im yau^h, 

J. Gaide or nozzle vancM, 

Av DiHtanoe-pleeeB Ijetween ^roujin of uo£;^le& 

f. Guide vaue retniuing ringa» 

m, Blutu in which ^lide vaue lu^ arv iu*icTted* 

ft. Lags to Ht in tue slota. 



^nher and more usual forms is distinctly noticeable. The yanes, 
Tto constructed after the pattern previously described, although 
iidembly le^ss prommneed manner. They are made of nickel steel, 
it by special tools, and highly polishetl on the facesi, thus po«if easing 
gngth, accuracy, and resistance to erosion. External Hbroudinga to 

iare not fitted an in tlie Rateau and Fullagar ttU'bines, The 
se-pieces h are bevelled oft* to give the increase in area required 
Bt€am as its velocity diminishea by unavoidable friction through 
passages. 

iide shrouding discs of the original design haxe disappeared altogether, 
the lip flanges i remain to hold the vanes in place. The disappear- 
the side shrouding of Figs. 90 and 91 is not surprising, for, since 
pieces do not seem to have been proposed, it is obvious that tbe 
>f steam passing over tiie vaue would spread out and into t^ 
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triangular spaces bet wee d the lower part of the vaiies, so that a portioiLl 
of the steam would ue%'er e&cupe iu a proper uiaimert but cauae CMm&iderabb 
rejiifitanee by eh<}kiug up and creating ^dies. ThiH modified eonstruction 
is claimed uudcr Patent Noi 5729 of 1904* 

The wheel dines d are of forged mild steel and ai-e highly poliBhcd. The^ 
diaphragms e are of cast steel and the outer rings / of forged steel or wrought fl 
iron. Each ring abuts on its lieighbouTj and circumfereutially eiLshrouds 
tlie rotating vanes so that end thrust on the diaphragms m takeu up by 

cue collar only on the caaing. 
The hulm of the dia- 
phraguifi are not specially 
lined with other metal, hut ^ 
arc lK>red out to an eu^jfl 
fit over the shaft, and ar*? ™ 
grooved on the bore in order 
to choke leakage. 

The guide vanes j are of 
sheet steel i their lugs n fit 
into slots »i, and the rings f 
retiiin the complete series in 
place. The outer ring / is 
retained rigidly in its proper 
place by the distance-pieces A; 
which at the high-pressure 
end of the turbine extend 
over a considerahle arc, and 
gmdually decrease to a 
minimum width at the low- 
]>rcssure end. 

The steam admission if 
tiierefore partial, as in the 
Katean and Fullagar tur- 
bines. Tiie diaphragms are 
in halves, the joints being 
Hush with the casing joints. 
The top halves are bolted ta 
tho casing top lialf, and ar« 
removable therewith. 

All Joints are scraped 
true, m that thick jointing 
material is unnecessary, 
A small thrust bearing is fitted to ensure longitudinal adjustment* The 
bearinga are external to the casing, and are elastic or- rigid according as the 
speed contemplated is alx>ve or iielow the prolml)le critical speed of rotation* f 
Forced lubrication is applied to the hearings by means of a i^tary piimp.fl 
The governor is of the throttle type, and is described on page 226. 

THE STUMPF TURBINE.— (/Vi>e L)— The Stumpf tnrbhie. pf«^ 
viously refen-ed to as a simple turbine {page 73), has been compounded in 
the manner of typo 1» although it has fewer stages than the liateaii and other i 
types, high peripheml velocities still being retahied. 

Fig. 96 illustrates an arrangement with four stages, combined with ati| 
electrical generator overhead and a centrifugal jet condenser below. 




Fm. 96.— Stiinjpf Compt-niiKJ Impulse Turbine {T>]ie 1 ), 
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Leakage of staatn betn^eeu the stages— wKich have a much grofitcr f lifter- 
enee of pressure than in the lltitcau and other nnilU-ataged vaneties of ty|w 
1 — b reduced to a uiinimiuu hy Hctuting sl^eveH, which tit the Bhaft as a 
V^earing, but arc not true bcariiigti. 

The uiahi ticaring is tlie large une between the alternator and the turbine, 
the lK»ttom iiiid top bearingei serving to ste*wjy the firratigeujtnit. 

TYPE 2,— The early history of thia type htm been outbneci in Cliapter I L 
The author is not aware that it had over got beyond the stage of snggeistion 
until quite recently. The typo ha^s^ however, received closer attention of late, 
although with no great prouiiiie of sjuccchs compared with that of other types ; 
and, after a cons id e ration of 
the general diagntni efficiencies 
given further on, it will be 
seen ttiat there is not much 
chauce of the type surviving, 

^Sanguine inventorB still, 
however, contuiuc to take out 
patents on the m.ine lines j and 
possibly, with a uiore perfect 
elimination of the many sources 
of economy deficiencies, the type 
may attain a certain degree of 
commercial utility, although 
this iti very doubtful indeed, 

Mr Terry, of Hartfoirl^ 
.S., has made and paten t<^*d 
a small turbine whicii is illuii- 
trated in Figs, 96, 06 a, and 96 u. 
It ha.^ only one wheel, tiio steam 
l>eing retunied m many timeB 
us it can to the same row of 
buckets. The latter are of the 
*open* type, and the novelty 
mainly lieu in the method of 
construction. 

The bueketj* h are made of 

1 stampings, pitcked together 
the pmper angle and held in 
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Fiti, y^A. Fig, 9^u, 

Detail* of TeiTy'i* Turbitit-, 



place by the aide phktos. Tlie sides of the buckete are slightly curved, bo 
that the passage for the steam in of cont^tant width instead of tapering, bus, 
for instance, in the Stumpf turbine (Fig. 81). The steam finally eacaiies 
by the hole A, and thence to the exhauHt pipe. 

A few of the leading dunenaionfi are aa follows ; — Wheel 2 feet diameter, 
70 bucketa, 2^ inches wide, I iueli pitch ; 30 horMo-power with 145 lbs, Hteam, 
non-con densuig, 2600 revohitionsj i>erip!ieml speed 260 feet per second, con- 
sumption stated to be 32 Iba. per B,HJ\ ; spe^ condensing 3300 revolutions, 
peripheral speed 330 feet per seeond, Bteaui consumption not published. 

Attention may conveniently 1^ here drawn to another objection to this 
method of comp<jundiug wheji applied to the same wheel. The greater the 
number of returns the steam makes, the lower is the peripheral velocity 
possible ; and the lower the peripheral velocity, the less opportunity the 6te*» 
bis for reflection into an adjoining bucket to that fmm which it issued* 
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Moving 
Vaiips or 
Buckets. 



Fixed 
Vaiim or 
Buoketa. 



For instance (see Fig* 100)^ for an initial sleatti velocity of 3000 and a 
bucket or peripheral velrxnty of 300 (giving theoretitaiUy five stag^ at four 
returns), the bucket cannot proceed further than a distance equal to *174 of 
its diameter during the progreas of the steam through the firat stag€i. 

In other words, the pitch of the buckets should not exceed ^174 Umeii the 
diameter of the bucket, or *435 inch in the Terry turbine, if mixing of the 
flret-Htage and seeund-Htsige steam is to be avoided. Neither, for the same 
reai*i>n» should the nozzle width be greater than the maximum allowable pitck 
It may be urged that it does not matter nmcli if the two srtreanig do mil. 
Information is cerUiinly wanting on this point, but it does not appear con- 
duciye to best economy to deliberately cause streams moving witli diflerent 
velocities to mix, esjieciallj when it is practically impossible to make adequate 
provision for the variations in bulk mi rouie. 

The compounding of the Stumpf turbine to type 2 haa been the subject 
of several pfitenUi, principally directed towarrU the attainment of a rariable 

speed of revolution suitable for marine pur- 
poses. The idea of the variable speed compound 
tu^ine is as follows : — 

Neglecting for the moment the angle the 
bucket!^ make with the tangent to the wheel 
in the plane of the wheel, that iiSj assuming 
the ideal case of the Pel ton bucket, it is 
obvious that the velocity of the bucket rela- 
tive to the absolute inlet and exit velocities 
(in direction) of the Bteara may be of any 
magnitude, and in all cases entry will he 
witbout impact (of theorem L), and without 
the immediate consequent loss by spilling. 

For instance, siipiH>se the inlet or nozde 
velocity to be 3000 and the bucket speed 
500; the exit velocity would be 3000- 
2(600)= 20OO. Or the bucket speed amy b^ 
say, 1000 ; the exit velocity is then 3000— 
2(1000)= 1000, and the exit stream has 
precisely the same direction in either case. The maximum velocity of wheel 
is attiiiued when there b only one stage (theorem ML), in which case the bucket 
speed v= h'l and v^ = for maximum cfbciency. Now, suppose guide buckets 
A, Fig* 97, be added so that a second wheel b may be used ; m this cose, for 
all the kinetic energy to be used, p will be ^y,, and we have t\=^^000 (say); 
3000 - 2( 7 50 ) = 1 600 inlet speed to fj ; 1 500 - 2(760) = 0. i 

If t! is required to be less atiU, a thirtl wheel c and guide B may be added ; ' 
thus we may Irnve t? = 500 and i^^ = 3000 ; tJj to b 2000 ; t;i to c 1000 and exit 
velocity 0, 

Neglecting losses in transit^ the efficiency is 1 in each caee, and a variety of 
intermediate bucket velocities might be adopted without greatly impairing 
the economy^ and the arrangcTnent won Id be genei-ally more suitable for 
marine purposes than other forms of turbine for which, at lower speeds than 
tftat for which they are designed, the consumption is notoriuuMly bacL 

The idea is ingenious, and forirjs the basis of several patents by iStumpf, 
but, unfortunately, the practical realisation of the idea is hindered by seveml 
ditticulties. 

In the first place, open buckets of the Stumpf form are even more disa] 
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pointing for eompouudiiig for velocity tluiii closed vane paasag^ on acooimt of 
tiiL* breaking up of the stre^im, so that spilling becomes cxceaai re after the first 
stage, and tnnre than nullifies the benefit arising from the additional stages* 

^^colKlIy^ entry and exit are not taiigcntial, a^* in the ideal case, and there- 
fore nozzles and gnide bueketti set to deliver and receive the stream for one 
set of conditions, are not suitable for another. 

The diagraui efficiency for this type of Ixieket i«, as a matter of fact, less 
than the efficiency for closed vanes (parallel flow) nndcr similar angular 
conditions, and not greater, as is so often ajssuined. Tliis La shown in further 
detail on page 120* 

Stnmpf has devoted considerahlo attention to the re-utilisation of the steam 
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40 the same wheel. Figs, 98 and 98a illustmt© the arrangement for 
emgie U buckets, and Figs. 99 and 99a for double U or Pelfcon buckets. 

It is pointed out in the specification that the efficiency of this method of 
compounding for vel*>city greatly depondsi on the proper inclination and area 
of the guide passages. That this is so will be rendered more apparent by 
referring to Fig. 1 00, where A B reprefients the incUnation of the inlet nozzle, 
C B that of the wheel huckets, and D A that of the exit stream from the wheel 
bucket and the inclination of the guide passage entrance. Neglecting losses, 
set-off B<i== DA. Then aB is the inclination of the guide passage eiit 
ueoessary to conduct the stream, moving with a velocity a B into buckets 
inclined as A C, which move with a velocity C B. See also imge 1 19, 

The result therefoi^ is, that a rather awkward twist is required in the 
gnide passage, so that Oh inclination DA at one end may be changed to an 
inclination a B at the other. The necessary twist becomes still more awkward 
for a second reflection. 

Due regard has also to be taken to the progression of the bueket 




i 



'=7- 



PRACTICAL TURBINES. 



89 



in this country, the British Thomson Houston Co. Many constructional 
details have been recently patented, and the patent matter generally is more 
voluminous than that of any other turbine extant— certahily too much so for 
adequate description here. The reader is referred to the list of patent speci- 
fications below, should he desire to make himself further acquainted with the 
subject. 
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16212 of 1903 


9847 of 1904 
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20964 „ „ 


16208 „ 




7125 „ 
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22902 „ „ 


16209 „ 

16210 „ 




9845 „ 

9846 „ 
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23206 „ „ 



The Curtis turbine is — for land purposes — almost exclusively of the vertical 
type, and the General Electric Co. appear to be the pioneers in practically 
adopting this form for the steam turbine. 

No doubt habit has had much to do with the association and development 
of the many inventions in the horizontal form, and the advantages of the 
vertical system have been somewhat overlooked. The idea is, of course, not 
novel in itself, and in the water turbhie the vertical arrangement is, as a 
matter of fact, more common than the horizontal. 

The vertical arrangement is naturally not very suitable for turbines of 
types 1 and 4, requiring a large numlxjr of stages, but with type« 2 and 3 the 
few additional advantages obtainable by its means have induced the makers of 
the Curtis turbine to adopt it in preference to the horizontal arrangement. 
The following advantages may be enumerated : — 

1. Elimination of shaft sag, due to the weight of the turbine wheels ; 

2. There is only one heavily loaded bearing — the footstep ; 

3. Elimination of distortion of the casing, from the tendency to collapse 

under its own weight ; 

4. General compactness of design ; 

6. Comparatively small floor space occupied, and consequent small cost of 

foundations. 
The advantage of greater accessibility that is claimed is largely a matter 
of opinion, and also depends on the room and the tackle available. 
Among the disadvantages are — 

1. Finding a simple solution of the footstep-bearing problem ; 

2. The great total height involved with the generator directly coupled ; 

3. A greater danger zone in case of racing ; 

4. Possibility of damage to the dynamo in case of the top stuffing-box 

blowing ; 

5. Possibility of oil finding its way into the dynamo from the ton 
bearing. 

The footstep bearing, Fig. 101, is one of the most interestit 
the turbine. To make a reliable footstep bearing ha& always bei 
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flow ewit^^h IB pUixd in tli# lugfi-pr«Biif« oii-aapplj pipe, Thb swildl k 
^ctimted by the oil preKiire, and opeiifs and closes the electric clrt^uit for tli6 
Taive ma^ets (this b in the ease of goTemiug through electrical r^tajs), in 
retponae to the change of pressitfes in the pipe^ If the flow of oil in the 




Fm, 102,— Curtis l-Stagu Turbinu. 

ag falls below tht^ predetenuitied ijuantity or pressure, the switch opens 

tlie Talve circuit and all the valves close, immediately shutting; off the steam 
from the turbine. When the switch opens, a special r« ed, which 

tripa the generator circuit breaker, and prevents ' m* ' 

as a motor and driving the turbine, A lo^ided 
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sufficietit for about a quarter of m\ liour's supplj^ is sometiuies^ aiJdod to the 
system iu east* of a breakdown of the ptLiiip6i and a spare pump is often 
iiiHtalled a» well/'* 

The trouble entailed hy m c^mplieatetl an arraiigciuent is seriomt, hut 
with greater experience some degree of siiuplilication willt it is aiiticiimled, 
b^eouie possible. 




^ 



Flo, lOS.— DeUil of Uurtifl 4^3t*ge Tiirbm<j. 

102 represents ti flfoneral section through a 4r*stage Curtis tnrbine 
ed with electric ^jrenerator. Fi|r- 103 m an enlarged section of the 
turbine. Fig. 104 illustrates the general arrangement of a 2000 kilowatt 
turbine and accessories. Fig. 105 is a dia^mmmatic sketch of tlie nozzles 
and vaues in the first two aUges. The identity of tliiii arrangement writh 
that on page 61 will at once be recognised. See also Fig. 154. 

• Extract from a p*per by Mr SAiiiiieliioB^ 
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The inlet nozzles are cast in seetiotis (Fig. 106), and ouch nozxle of tlie 
first stage in iiTidLT thi." eoiitrol of a aepamte valve, which in turn m operated 
by the governor through a roUy. 

GOTerning ij^ eJVeeted by varying the number of nozzles in operation, 




■vjzario 



^... 




Fig. 10 J.— 2000 Kwt Curtia TurMn* ind Auxiimriea. 



and the steam thus always operates with approxi mutely the aauie head. Thia 
system of governing gives with this type of turbine a better economy at light 
loads than can be effected by simple throttling. 

The chief drawback to a multi-control of the Curtis type is the great com- 
plication of mechanism and the numV»er of parts, although it must ^^^d 
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history of the steam turbine* a 
brief outline of its developraeot 
will be of special interest. 

The present Parsons turbine, 
like most succesHful inTentionSj 
was Dot the production of a day, 
but the outcome of much patient 
study, experiment, and enterprise 
on the {*art of its inventor. 

The turbine proper of the 
original Pan*ou3 deaigo, Figs. 107 
and 108^ was a very crude affair 
indeed, mucli more so indeed 
than many propooals of earlier 
inventors. 

The moving ranea and blades 
were cut from the solid, and the 
discs threaded on to the shaft and 
in the casing respectively as illua- 
tmted. Steam eiitered at the 
middle by a distributing annul us, 
and proceeded in opposite direc- 
tions to the exhaust ends, the 
double arrangement hoiug for the 
purpose of eliminating end thrust. 

The importance of this turbine 
lay not so much in the above 
details, bnt in the several in- 
genious devices that largely con- 
tributed to its success as a 
workable mncliine. 

Elastic bearing:s were ap- 
plied for the first time in the 
hiatoiy of the turbine, as it was 
realised that abnence of vibmtton 
could be better secured by allow- 
ing the rotor to revolve about its 
centre of gravity than abo\jt its 
geometric centre (which, uatuniilvi 
hardly ever coincided in practice), 
than by resorting to massive and 
rigid abutments, etc. 

The original device as patented 
is shown in Fig, 109. 

The ends of the shaft are 
encased in bushes ?'. k Ic are 
rings alternately fitting the bu^sh 
and the easing, and pressed U> 
get her by the spring / and the 
nut m. The gmall lateml clear- 
ance thus given allows the rotor 
the neceBsary play, but undue 
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moTement m resisted hj tbe getieral 
friction of the ringt^ on one tmother 
and by the visicoaity of tlie lubricant* 

The 1 searings wore also force 
lubricated by means of a screw 
pump, an<i the oil wa^j raised up to this 
pump by tbe vacuum created in the 
stand pipe r^ by the fan t {Fig, 108). 

The fan was alwo used as part of 
the governing apparatus, the vacuum 
being apphed to one side of a piston 
which acted on the throttle valve by a 
rod and lever. Tbe degree of vaciuini 
being dependent on the speed of rota- 
tion, was thus made a governing 
agent. 

The first turbine made in 1884 
waa of about 10 horse-power. The 
diameter of the drum was about 
3 inches, and had a speed of 18,000 
fevolutiooB per minute* This turbine* 
after working satisfactorily for several 
years, has found a resting-place in the 
South K ensuing ton Museum. 

Expansion of the steani was 
arranged fur hy progressively clecr eas- 
ing tbe angle of the vanes to a limited 
extent, and hy the somewhat happy-go- 
lucky increase in tlie velocity through 
the passages* 

Leakage over the tips of the 
vanes waw reduced by the system of 
bevelUng, as will be seen in the 
section. 

Leakage of steam (the turbine 
discharging at 
or alKDut at- 
mospheric pr ea- 
st ure) to the 
outmde of the 

casing was prevented by the small 
ejector p fitted in the drain pocket. 

This turbine, however, did not 
adwjuately expand the steam consist- 
ently With the speed of the vanea, 
particularly if working condensing. 

ParsouM* next patent, No, 5312 of 
1887, provided for a better expansion 
by increasing the diameter of the 
drums towards the exhaust end, as at 
C, E, 0, Fig, 1 10. The passages F 
are for the purpose of ensuring end 
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balance. Further detatli accompanying this patent relate to shaft packing 
to prevent air leakage into the Yacnvim spaces, Fig, 111. 
m / 




i .._. 

^miieam that m used for the purpose in that which eMCapea fr^"^ +^ 
relay cylinder, and which would otherwise be wasted. 
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The next patent that appeared, Na 1120 of 1890, related to the tjpe of 
turbine already referred to under the heading of type 1 (page 77). fl 

Several important details, applicable to any of the ParsonB tutblnea, are « 
included in the specification, among which are — 

Governing by a variable periodic cut-off; and another form of 
elastic bearing, Fig, 112, Both of these devices are in use at present* 
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The governing arrangement consists of (a) an ordinary centrifugal 
governor driven by friction pulleys at a lower speed than the turbine 
shaft, which eommnnicates its motion through an oscillating lever system 
to the throttle valve ; {h) altematiyely, a soleuoidj the core of wliich replocee 
the centrifugal governor. The solenoid arrangement is for use when the 
turbine drives a dynamo, and is controlled by variations in the main current. 
The general principle of (a) is precisely the same as that now in use, which ia 
illustrated in Fig. 218. 
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Flu. 113. 

The elastic bearing conaiats of a gun-metal sleeve k iitting the shaft, 
and surrounded by eaay-fifcting sleeves a, A, c, Tlic oil which isj forced in the 
bearing and between the sleeves acts as a damper to sloggen The viacositv 
of oil in the form of thin films is very great, and therefore forms an efficient 
cushion for damping vibration, hut at the same time it allows the rotor to 
find itti own centre. This type of bearing ia adopted in the modern turbine, 
and is quite satisfactory. 

Fig. 113 is an alternative arrangement, in which the middle sleeve is split 
into three parts/, </, /t, and made in the spring form as illustrated. 
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I FatentH Nos. 14994 of 1890, 5074 and 10940 of 1891, revert to the 
krdiimry t}T>e (4) of Parsons turbine, but with a radial flow variety. 

The turbine representative of the latter patent m shown in Fig. 114. B 
are the rotating disea, carrying vanc$i arranged alternately to vanes on the fixed 
discs C| etc. The spaces /are for relieatin^^ the partially expanded steani by 
high-pressure steam. E m a balance or dummy drum for Imkncing end 
pressure. To prevent eiicape of steam pixat this dnim» and at the same time to 
dToid a frictional contact which is very undesirable at the high veUj<!ity of a 
turbine, the penphery of the dnim has » series of collars a formed upon it, 
which are interspaced between similar collars on the interior of the balance 
cylinder. The facea 6 are ^rrated in order to choke the passage of steam. 

An improved governing arrangement is described in No. 10940. In 
these improvements the direct acting solenoid core of No, 1120 is replaced 
101 electrical relay system, in order to obtain a greater power and 
fltivenesa for moving the throttle valve. 

Many other patents relating to the Parsons turbine have since been graiUed, 
hut they mostly refer to arrangements and combinations of turbine plant 
generally. Those relating to constructional details of van^ are illustrated in 
Chapter X, 

THE MODERN PARSONS TURBINE is naturally an evolu^ 
Kioti froiu all the best points of the various preceding types. 

All radial flow arrangements have been discarded in favour of the parallel- 
[flow type ; the original double self-balanced arrangement has principallj'j on 
[account of the unmanageable length involved and the inferior economy of 
I fituall ttirbines (the complete tur]>ine being composed of two turbines of one- 
I half the full capacity), been displaced by the single turbine, the unbalanced 
pressure being taken by balance drums. Tbe^e drums, however, iire trouble- 
some, in cither leaking excessively, or else fouling and wearing away the collars ; 
and although accunitc workmanship mitigates the trouble considembly, there 
is undoubtedly room for a more satisfactory solution of the Ijalancing problem. 
The following points relating to the present manufacture of the Pai-sons 
turbine may he noted : — 

The general method of making the vanes and of holding them in place in 
illustrated in Fig, 169, page 168. 

For the longer vanea towards the eihaust end of the turbine, the wired- 

^on shrotiding, Fig, 178, is adopted to give greater integral security, and not 

with the idea of restraining the stream from spreadiug over the tips, a 

condition that does not require special consideration, since the clearance must 

be a minunnm. 

The vanes at the high -pressure end, particularly when superheated steam 
' is used, are of hard rolled copper, and are not itsnally shrouded ; the re- 
mainder of the vanes are of brass, the usual composition lacing 63 per cent, 
copper and 37 per cent zinc. 

The diameti-al cleamnce is said to vary from about yj§^ at the h.p. end 
'i*y jjfiy inch at the Ip. end, and naturally iucreases with the sixe of the 
turbine. The axial clearances are of comparatively small importance, and are 
usually about J inch, but are as niucli as ^^^^ inch for vanea only | inch wide 
in marine turbines where the longitudinal a<ijuatment is liable to disturbance. 
In cases where the anticipated economy is not realised at firsts adjust- 
Kment is sometimes given by twisting the vanes round a little by a hand 
wrench. 

After the vanes are in place, the complete drum is placed in the lathe and 
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he tip* uf the vane« dresst^l up true* Any slight distortion given during 
Jiis openition is again corrected by the use of the wretich meutioned above. 

The collars ou thy hiibnce pistons are cut from the solid, but in the 
sjlinders arc of aheet brasii niiide in segments and brazed into turned giw>ves. 
rbe whole is then tunitd up true. Fig, 1 1 5 shows a detail of balance drunia 
in common use. 
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Fio. 110.— Parsons Eltistic ^l^ifn Hi^mig. 




Great care is exereised in boring the ea^iug, and iDtemal Btrains which 
Ud to create diBtortiou are eliminated as far m possible by the well-known 
of preliminary ^ breaking-down ' ; distortion under heat is further 
iueed by heating the ciu'^iug with steam between the machining operations. 

T\ie joiiiU» of the casing arc scraped true, and the jointing material 
generally consbts of a thin graphitic pahit or mastic cement and varnish. 

The elastic bearing sleeves, Fig, 116, are of brQU^Cj aud the clearance 
between the sleeves is ahciut , ^-^^ inch each. 
For large turbines that nin at a lower speed ^. 

of revolution than about 1200 per minute 
elastic l>earingB are unnecessary, and are 
replaced by hearings of the ordinary con- 
struction, white-metal lined and sometimes 
spherically seated. 

The glands are constructed sijnilarly U> 
the dummy pistons ; coHai's arc turned on 
a sleeve tilted on to the shaft, and in the 
cast-iron bush are made of sheet brass 
strips let into grooves. The collars are Fio. 11 7* 

generally of a little heavier section than 
those on the pistons. Fig. 117 shows a gland of this type. 

Many other aiTangemcnts of labyrinth packing for the glands have l»een 
made* Fig, 118 illustrates one in which the fixed collars are rephiced Ity 
Riimsbottom rings, thus rendering the jmcking independent of a more or less 
unknown relative longitudinal exfiansion of the rotor and casing. The main 
objection to this device is that it is only suitable for a small difference of 
ptBBsurc^ between ring and ring^ where-as it is only a fortuitous circumstance 
that there is a gradual diminution of pressure from one end of the packing 
to the other, and the whole difference of pressure more often than n^ 
jn one ring. This ring wears away mpidly, after which the next 
\ the load, and so on. 




|fi the load, a 
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loDgitudinal motion is uncertain. It u al«o useful ae a preliminary to' 
small series of KamHbottom ringK hy relieving the rings of a portion of the 
full diflerence of pr^sure. The leakage over the fin collars is trapped off at a 
auitahle pressure, living the Ham»bottom rings, which can be practicallj 
steam or air tights with only a stnall and workable differeDce of pressure to 
deal with. 

The thrust block (for residual outrof-balanee) i:^ CQiiHtmeted in a similar 
manner The top half of the aleeve is arrang^ to prevent the rotor from 
surg'ing in the direction oppodte to the prevailing direction of thrust, and its 
position to a few thousandths of an itich is not of much importAnce. 

The bottom half of the sleeve takes the prevailing residual thnisfc (the 
halves arc therefore not exactly in register), and is carefully adjusted so that 
the collars on the dummy pisUjus aud cyliuderf^ are from y^^^^ to ^wwif ^^^ 
clear. The top half is generally adjusted by means of an extemal scrsw 
engaging aa abutment on the turbine casing. 

Fig, 121 shows one method in which the whole worm l>ox and apparatus 
moves by means of the adjusting s^rew u. Fig. 1 22 shows another method* 
The adjustment should be made when the turbine is hot. 

The coupling is a specially desigued 
claw coupling and is quite flei:ible. 
Fig, 121 illustrates one arrangement in 
which the main idea is that while there 
shall be an ample claw the turbine rotor 
or the dynamo armature can be readily 
lifted without longitudinal movement. 

It is found advisable to cool the 
lubricating oil, as it otherwise gets un- 
duly hot, not so much from friction ^ 
from the heat conducted along the shaft. 
An oil cooler (Fig. 121) is therefore 
provided. Water may be circulated 
in any suitable manner. Apparently a 
A wmall quantity should be 
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from the condensing apparatus or 

heavy oil of the highest quality should be used. 

drained off aud filtered every day. 

Fig, 121 illiLstnites a general sectiou of a Parsons turbine, and Fig, 120 
the low-prestiure end of a marine turbine, 

OTHER TURBINES of tyi^e 4 have been produced (mi paper] 
by many inventors, but as a workable machine the Parsons stands alone. 
Much invention has been devoted to the production of a reversible turbine, 
hnt, with the increasing demand for greater economy on all hands, it is 
beginning to be more generally recognised that a reversible self-contained 
turbine possessing the elasticity of the ordinary engine is as far from 
realisation as ever, 

TliG leakage difficulty is, howeverj one of the most serious problems, and 
many devices have been proposed to combat it. 

One of the most interesting arrangements is that propoeed in the 
Fullagar reaction turbine. 

Fig. 1 23 is a general section of this turbine, 

f/ are the moving vanes (illustrated in detail on page 170) attached to the 
rotor dnims a, 

k are the tiled vanes attached to the easing c. 

The rotor is built up guu-fashiou, and consists of a number of BUpei 
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aiid to cause the field and armature of an electric generator to be driven in 
opposite directions. Or, the two shafts may be coupled together, as in the 
first instance, bj suitable gearing, to convert the motion to a common 
direction. 

The great objection to the former and to the latter methods is the 
difiicultv of providing ' suitable ' gearing. Any such mechanism, at the high 
rate of speed still remaining, can only be rendered suooesBful by the most 
perfect workmanship, such, for instance, as is adopted in the De Laval turbine. 
It may further be contended, that if gearing is to be introduced at all, the 
speed reduction might be effected directly by this means, instead of by adding 
the complication of a rotating casing. 

In the other case, viz. of one shaft working within the other, the difficulty 
is to produce a satisfactory bearing rotating within another bearing so that 
they shall be true, adjustable, and accessible. A similar problem is presented 
with the glands. 

Fig. 1 25 illustrates a double motion design by E. Seger. 

Parsons has patented several varieties of the second and third methods 
(Patent No. 6142 of 1902). 

The turbine, Fig. 1 26, consists of a simple impulse wheel resembling the 
De Laval, and the nozzles d are mounted in the rotating element c, steam 
being supplied through holes / in the dummy end of the shaft. As illustrated, 
the design is stated to be suitable for marine propulsion, the inner shaft 
driving right-handed propellers and the encircling shaft driving left-handed 
propellers, or vice versa. Reversing is effected by the stationary nozzles. 
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THE EFFICIENCY OF COMPOUND 
TURBINES. TYPE i. 

CoNTiNTa ; — Diftgram Efficiency — Tyjie 1, Euergy TmiiHformaticnia— Losses of Em«tic 
£iierg3r»£niaple9 of Effiekacy— Imjtulae Turbipes with Open Buckets— Number nf 
Stegpo — ^Are* of Fixed or Nozzle Fiis.sage3 \ Example— KH'cct of Ijeaknge— Thick tieas of 
Vaaea— Errore introduced by Practiciil Conaidemtiona— Lead. 

If the flow of Bteam were tangential or parallel to the direction of motion 
of the varies the eatimatba of simple and componnd efficiencies and of the 
a umber of stages and other quantities would he a very simple matter, and 
would he carried out as indicated roughly in Chapter IV. 

Ah, liowever^ the angle between the 
inlet atid outlet edges of the moYing 
vanes i^ id most invariably much leaa 
than two right anglee, the efiicieticj of 
any one stage is le»s than in the ideal 
caBe 

DIAGRAM EFFICIENCY. 
— ^The efficiency principal!}'' refeiTed to 
in this chapter is the i-atio of the energy 
absorbed in doing useful work to the 
energy supplied to any one or a aeriea 
of moving vanes, as the case may be, 
that h, the diagram efficiency, as 
referred to in Chapter I. 

The diagram efhciencies dealt with in that chapter are, however, thoae in 
which the vane losses — shock, spilling, and friction — are nil In the sequel^ 
coefficients for losses are introduced, and graphic determination of the eflfici- 
encies is resorted ti** 

TYPE I, ENERGY TRANSFORMATIONS,— Fig. 127 is a 
typical velocity diagram for both the simple and compound varieties of 
impulse turbines. The following notation applies generally thranghout : — 

A B is i^j, the absolute striking or inlet velocity of the steam ; 

AC is y, the vane velocity ; 

C B is P^y the velocity of the steam at entrance, relative to the vane ; 

C D is v^, the velocity of the steam relative to the vane at outlet ; 

A D is r^, the absolute velocity of the steam at outlet from the vane passages : 

A F 18 a,, the inlet ' velocity of whirl * ; 

A G is a^n the outlet velocity of whirh 

Considering now the general operation in compounding to type I, let 
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F^yf th^ «ecr/nd ftAge, if ^r,)^ is to be the same as (r^)^ at is usual for a 
fsf/tmylerMf: xerieH of whe«L<s if not for the vhole turbine, the head at the 
exit from the j^ecorid fixe^l passages or nozzles is 



pi r » -.« 

and a//>»=^~'^'" 



2^ 
Thiut ttf; new increment of velocity in evet; case except the fint is given by 

Now, if thiit value jh [x^q>etiiAted throughout the turbine, the total efficiency 
will U; pnu;tically the Haine for any disposition of angles and any number of 
wlioelM, providini^ that the final exit velocity and pressure are abotit the same 
in t'JU'.\t ('Ain4t. 

The pnujtical proVjlerii is therefore to arrange the velocities so that^ given 
i;/invenietit [jeripheral velocities of the wheels, the number of wheels and the 
final wiiHUt \i(iiu\ are a minimum. 

It thf;n \tecj)Ui(iH advisable, when dealing with heads of velocity that are 
inU;nd<'d U) \ni nearly al>sorbed in one set of vanes, as is the case in this type, 
to arnmge for i\ to f)e a minimum ; in other w^ords, to see that the individual 
diagram efficiency of each stage shall be a maximum. 

The first and obvious condition is that the angles a and P shall be a 
minimum. If a and /i-0, the efficiency i; is 1 if r= ^v (theorem III.). 

The fficUirH limiting a and /i are mechanical, and, with most if not all 
varicticH of construction, depend on the provision of sufficient area to pass the 
xiv(?n volume of Hteam for a given size of wheel and power. 

No difficulty occurs, as a rule, with the latter at the high-pressure stages 
in fa<!t, the difficulty lieH in the opposite direction — but at the low-pressure 
MtagcH it iH HometimcH difficult to provide adequate area without making the 
wheelH very large and the vanes unduly long (or the equivalent of long). 
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Clearly it U not possible to reduoe v^ to zero. It ib there fcire necessarj to 

decide upon the b€«t method of dealing with the residua) enet^ies -^ from 

2^ 

each fitage* Either these must he handed down cumulativelj from Sitage to 

stage or eonaidered aa irrecovembly lost in the turnioiJ of discharge and 

reconstnietion of tlie Btream for the next stage. They willi in fact^ be 

tmnsformed into one of tlie general losaeis of the steam turbine 

The chief causes of the loss of economy in the turbine are — 

ia) Condensation of steam (over m\d above that due to expansion), thus 

giving a larger amount of en t mined water ; 

(h) Extraneous or spurious expanjsioTiM and contmetione, owing to errors in 

shape^ and of the kind noted on page 53 ; 

(c) Spilling; 

(d) Shock on the vane edge» and similar places ; 
(if) Shock in ca;se8 of * pirtial admission ' and, with isolated no7,zlm, on 

the relatively quieaeeut steam tilling the vane passages ; and the 
converse shock on the steam surrounding the vanes as they ysiMB 
away from the front of the nozzles ; 

(/) Eddy currents, the kinetic energy involved being mii*directed ; 

(g) Leakage from stage to stage ; 

(h) Surface friction of the wheel discs ; 

{/) * Ventilating ' friction ; 

(k) Surface friction on the vanes ; 

(l) General external losses. 

The losses ocfmsioned by some of the above causes are partially recoverable, 
but they nevertheless eollectively account for a los^ that, even in the best 
turbines of to-day, is equivalent to increasing the steam consumption to about 
one and a half times the theoretical conanmption. 

Strictly speaking, all frictional and eddy losses are recoverable as heat, 
either in superheating or in drying the steam, The t ran a formations are, 
however, created comparatively locally and intimately in contact with the 
surfacea of the vanes, and the conditions are thua favourable towards the 
absolute l«ss of the energy involved, by conduction as aoon as the trtins for- 
mations occur. Since the total loss in the turbine ia much greater than 

2( ^ J we may, without appreciable error, assume that i^^ is lost. 

The loss of kinetic energy in the vane passages has now to be 

taken into account. 

The further practical problem is to reduoe internal vane losses to 
II minimum, stage by stage, and not to trust too much to luck in 
getting imck losses incurred bj the practical limitations and approximations 
of conatruction* 

It is nevertheless, as will be seen, a very difficult matter indeed to make a 
turbine of correct form, even for one set of conditions and experimental data ; 
but experience appears to indicate that greater economy is effected the more 
nearly the ideal conformity is approached, rather than by systems of heavj 
lagging, reheating, etc. 

The loss in the vane passages by friction appears to be largely a matter of 
conjecture, and some writers have attributed the greater nart of the total 
loss of efficiency of the turbine {which often consun 'vO per cent. 

more steam than the theoretical consumption) to this 

ft has also been assumed by nearly all w^^h- 
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frictional loss Tariea with the velocity squared, an aasiimption based on the 
fact that energy ^ kv^, 

A series of maDy hundreds of experimental observations on stationary 
vanes confirms the usual asaimiption that friction loss of energy^ either alone 
or art the predominant loesj dfjes vary aa the square of the velocity ; or, in 
other words, that the frictional velocity loes is proportional to the velocity 
of the steam over the surfaeea or through the passages^ as the case may be. 

The average raaiimura velocity efficiency for the heat form of * closed' 
vane paatiage is about 95 1 per cent,, that is, when the fnctioual and intenml 
losses are at an average mini mum. The average value for the lie tier known 
turbines as constmcted appears to be 92 per cent. This cM)verB internal loss 
only* that ia, losses by (b) and {k). 

In turbines of the best construction, therefore, it should be safe to take 
tr^ = '92^2, and the cause of tlie remainder of the loss should he sought for 
among the other items. 

Now, the separate phenomena (a), (i), (<"), (rf), (e), (/), (A*) may create a kind 
of collective phenomenon practically equivalent to increased friction, and 
thus reduce the relative exit velocity to as low as about 60 or 70 per cental 
of the inlet velocity. Rateau considers that v^^ Ihv^ is a fair average value.! 

Delaporte finds the value of the coefficient to l>e from about *706 to *749, 
the value risiug with the velocity. 

When the design of the turbine permits, a simple w'ay of Bnding the 

value -^ ifi to nin it with the cover off, and with tbe steam diseharging into 

the atmosphere. As few nozzles as possible should, of course, be used. Steam 
should he turned on to a definite pressure as quickly as possible, and the 
speed at which the direction of the discharge from the vanes changes from 
backwards to forwards noted by means of a tachometer* Feeling with a 
stick is a convenient way of observing this^ as there is generally too much 
vajiour al>out to see distjiictly. The velocity diagram is then constructed 
from the data obtained. Tbe author has thus been able to confirm Rateau's 
value, '75, but haia also, with special vaues, registered more than ^8, 

Thiii way of looking at the matter may answer very well for simple 
turbines or for comjxiuud turbines of type 1 — to which the Rateau belongs — 
but it will not do for turbines compoiuided for velocity, that is, for types 
1 and 3. For these types pure vane losses alone should be taken. 

However, ftjr type 1 the case is fairly well represented by constructing 
the velocity diagrams so that % = i^^j) ^O!?^. But when the dia turban cea 
of all kinds except {b) and {k) have been eliminated, to ascertain the trusl 
diagram efficJency it is probably more correct to put v^ ^ ^^^% as an average ^ 
value ; or with more perfect conditions for (6) and (i), that is, with vanes of the 
beat curvature for the intrinsic conditions of the passing steam, t?g may be as 
high as '961^2, Both these values^ the latter especially, are at present ideal. 

The variety of angles of vane inlet and of exit edges, etc., are of eoursfij 
in finite, and depend so greatly on individual ideas that it is impossible tofl 
lay down any particular distribution of velocities as a standard. 

Given a, (i^ and i\ constant, the efficiency 17 will vary as some function of 
the vaue velocity t^ and the maximum value can be found mathematically* 

The expressions involved, however, are extremely cumbersome, and their 
use would demand an unnecessary amoimt of time. 

The best way to find r^^^j^ is by a graphic conatrnctionj which can be 
effected in a few minutes. 
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Bxample$. — ^The fbUowhig typical examples are giren for the purpose of 
indicating the variatioQ of effictencr under different conditioos. The three 
cases are applicable to both simple dind compound types (type 1 only). 

1st case. Variable ▼. — Suppose the outlet angle a of inclinaticMi of the 
nozzles (or fixed passages) and /3 of the moving passages to be constant, say 
20*, this being an approximate practical mmimnm 

Let the noEzle velocity r, be constant, and let the vane velocity r vary. 

Suppose that the loss within the moving passages \a such that r^ = *92r^ 
By (18), Chapter I., the diagram efficiency 



2iKa,~fl,) 



(Fig. 128.) 



Note that this expression holds good whether there be any loss or not 
in the passages. 

Then, for relative values r, = 1 and r = -2, -3, -4, '5, -6, '7, -8 respectively, 
we have, by scaling Fig. 128 : 
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V, may be conveniently obtained for all point8 by setting off FH = •92FB, 
and drawing EH parallel to AF. 

Then make, for example, C^Dj* the intercept C;C-= -92076. 

Fig. 129 is a diagram in which the efficiencies from Table III. are plotted 

in terms of — , on the curve A. 

Fig. 130 is a similar velocity diagram to Fig. 128 
T^ efficiencies are plotted on curve B, Fig. 129 
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It will be seen that the maximum efficiencies when a and p are 20* occur 
appn>ximatelT wh«i ra*53r| and *51V| respectively, and therefore that the 
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2nd case. Variable a and p.— In Fig. 1 29 the curves A, C, D, E, F, G, H 
and the subjoined table show how the efficiency varies with a variation of 
a and ^, a and /3 being equal to one another. In each case the loss in the 
vane is taken to be the same, that is, r, « '9292. 



Table IV. 



r, = l 



a=/9. 



v='A. 
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3rd case. Variable Vp — Some turbines are governed solely or in part 
by throttling the steam in the ordinary way. It is therefore of interest to 
examine the effect of this on the efficiency by varying the initial head of 
velocity while the vane velocity v remains constant. 

Assuming that the ratio viv^in approximately that for maximum efficiency 
when t;3=:(say) '7bt\^ we have the velocity diagrams as in Fig. 132. 

For t'imax= 1» ^ = about '52. 

Then, for y^^l, 9, 8, 7, -6, and a and i8 = 20', 30', 40', the efficiencies 
work out to the values given in the following table. 



Table V. 
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a = /8 = 40* 
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•393 


•638 
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•277 
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These values of rj are plotted in Fig. 131 on the curves K, L, M. 

Fig. 132 is drawn for a = jS = 20'. 

Referring to Fig. 132 it will be observed that as v^ decreases, the departure 
of the angle of the relative velocity v^ from the entrance angle of vane (C B) 
increases. 

The efficiency curves stop abruptly when v^ = v is reached. 

It must be particularly home in mind that the efficiencies just obtained 
are diagram efficiencies only and do not include further loss by shock. 

They apply to turbines with * open * buckets or vanes ; but with * closed ' 
vane passages, the flow becomes more and more choked until, when v^ is 
parallel to v^, the passages have in effect re-nozzled the pressure up again to 
the original pressure, and useful work is only performed by reaction after the 
manner occurring in type 4. Work will, of course, be lost, which at its very 
lowest value is equivalent to the losses arising in two sets of nozzles — e.g, 

10%+ 10%. 

The efficiency of the closed vane passages will, in general, depend therefore 
on the amount of extra expansion or contraction that they confer on the steam 
after it leaves the fixed passages. 

Loss by internal disturbance is probably the most important factor, and 
this evidently increases rapidly with any increase of obliquity to the vane 
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entrance, a small error only being without appreciable influence. The greater 
part of the disturbance is due to impact on blunt and irregular vane edges. 
For such velocities as are in vogue for the steam turbine, and which are, in 
general, large enough for the stream to be wholly retained in its channel 
without side-climbing, the rebound — or the effect of it — under the jet is 
approximately proportional to r^ sin $, where is the obliquity or angle of 
error. Then, if the entrance end of the vane is inclined as C B, the return 



•l 


s 

s 

5 

V. 

M 
o 

Q 




V 




54 






























ao- 


. 


















50;^ 
















/ 




*2l^ 














/ 


^ 1 


















/ 




\ 


















\ 


\ 


















\ 


h 




















K 


V 










" 








A 


<^ 


^ 



Fio. 181. 



shock for t?! = 1 is S = 0, and for the other values of v^ is approximately pro- 
portional to Sj = b^e^, Sg = ^.^Cj, etc. respectively. 

Now S^, Sg . . . represent velocities, therefore the energy loss from the 
oblique impact into the closed passages is probably some function of Sj^, Sg^ 
. . . respectively. 

The values of S and S^ are given in the table, and S^ is plotted in Fig. 131 
on the curves N, 0, P for a = j3 = 20'', 30", 40" respectively. Experiment 
proves that the permissible obliquity has a range of 3 or 4 degrees e*^^'^- 
way, beyond which the loss rapidly becomes serious. 



118 



TUB THEORY OF THE STEAM TURBINE. 



It will lie o1)»ervcd that when t\ is below nonual the impact takes place 
on the ) Micks of the vanes, thus opposing the motion. Theorem II. might be 
UKC(1 for an estimation of this impact, although it is not strictly appHcablc to 
the niHo of jwrfectly closed passages. 

The loss hy impact on the vane edges is practically indeterminate, and the 
only course open is to make the inlet edges as sharp aa possible, consistent with 
the a1)ility to withstand erosion. 

It will, however, be seen that as *\ decreases with respect to r, there is 
not only a loss of diagram efticiency in the ordinary sense, but an increasint;: 
loss — which is borne out by experiment — owing to internal shock. This loss 
also increases more rapidly as the angles a and p increase. The further loi» 
of efficiency resulting from the re contraction hi the closed i)assages mav be 
great or small according to the pressure conditions, etc., but hi general it 
may be concluded that, in order to keep the losses K(S-) as small as possible 
with a considerable range of throttle-governing, the vane angles a and P should 
also be as small as possible. 

The above examples should enable the reader to construct diagrams for 

the many other A'arietios that 
may occur to him, as, for 

r instance, when a is not equal 
to/8. 
";^ So far, the efficiency of 

the moving vanes only has 
been considered. The lixtHi 
passages being in reality ji 
series of adjacent nozzles, 
will have the efficiency pro- 
I>er to such an arrangement, 
which, as has been seen in 
forms, rise to 95% (velocity) iis 




132. 



iiay, in its more perfect 



(.'haptcr 1 1 1 
an average. 

The efficiency of the commonly used rectangular or approximately rect- 
angular form can hardly be cxi)ectcd to attain the value the circular form 
does, but, with^easy curves and fair accuracy of progressive area for the drop 
of pressure, 94% (velocity efficiency) can bo relied upon. 

The energy efficiency of the nozzles will then be about 

•942 or -8836, say 88^%, 

and the total efficiency of the stiige (and of the turbine, too, if the efficiency of 
all the stages is the same) will be 

nozzle etticiency x vane efficiency 
= -885 X -924 (case '5, Fig. 128) 
= 81-7%; 

•^r;v rot the other ca^es. 
31 ,5ai::an. -^urbinCS with Open Buckets.— The Pelton type, Stumpf 
^ iiscussed here. 

^ ji Ae diagram of velocities differs somewhat from that of the 

.^ ^ :«iil^ amounts to preciselv the same thing. A separate 

* ■ ■'-" useful. The "between this kind of 

!& that in the u no choice in the 
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It is obiriouE that with the other type wc may make the exit angle any- 
thing we pleaae independently of the inlet angle, bnt in this case the exit 
angle is necessarily the same ns the inlet angle — at any rate, so far as is prae- 
ticable with current methods of manufnetiire. 

Ill Figs, 133, 13Sa, and 133b, let abdf represent a sectional elevation of 
uAn open bncket, the line fab/ being a portion of the wheel periphery and gh 
{the tangent at the middle or average position k. 

Fig. 133a ia a plan of the bucket, in the plane of which the entrance and 
exit paths of the stream are parallel, as shown. N is the nozzle directing 
"be at^am to the buckets at the angle a as before. 

Fig. 1 33b is the diagram of velocitiesij constructed m follows i 

A Aj is parallel to the tangent tj //, that is, to the direction of motion 

at the moment under considdration^ 
BA is the noxzle velocity v^^ 
C A is the bucket velocity r, and 
BC bthe velocity v^ of the stream relative to the bucket at entry. 



f Fjc. 133. 




Via, J S3 A, 
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If properly constructed, the inclination k I of the bucket will be the same 
m the inclination of B U. 

Now, the change of direction of the stream within the bucket takes place 
wholly in planes parallel to k I (neglecting the slight dlsplaoement due to the 
circular movement of the bucket; a similar assumption has really been made 
with the other type of bucket) at rig^ht angles to the plane of the paper, 
instead of in the plane A' m of the frnper. This change of direction has 
\ obviously nothing whatever to do with the triangle A B C. 

The relative velocity t^^ remains constant through the bucket, except when 

changed by the resistances. Suppose tJ^ constant* Then, at the outlet, the 

abtiolote velocity and direction of the stream is a combination of the relative 

velocity at outlet, that is CB (which we now ciiU Vr^)^ and the bucket 

, velocity AiC = CA ; that b, A^B or v^, the relative velocity v^ having changed 

' its direction w as shown in the plarij Fig. 1 33a* 

The angle a, fixed by practical considerations, cannot well be less tt 
18*, and is a similar angle to the noazle angle of the ordinary typea, T 
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effective turn of the bucket is not tt, as is ofteu taken for granted because the 
bucket happens to have a semicircular form, but w - 2y, exactly as in the 
other case when j8 = y, Fig. 127, the only difference being that there the 
effective turn possesses a concrete form in the shape of the vane, but here it 
does not. 

The efficiency of the diagram. Fig. 1 33b, will readily be perceived to be 
identical with that of the common diagram in which ^^y, Fig. 127. 

But with the ordinary construction we may, and do, make P less than y, 
as at CDj, Fig. 134. In fact, in the previous numerical examples, p has been 
taken as equal to a in all cases. 

The remark on page 87, where it is stated that the diagram efficiency of 
this arrangement of buckets is less than that of the usual kind, will now be 
understood. They certainly may be equal, but only with the same given 
conditions (a, Up and v) ; on the one hand, only by distorting the Pelton 
buckets so that P is made less than y, equal to a for instance ; or, on the 
other hand, by making j3 = y. 

The nature of the losses is slightly different from that in the closed passages. 
Here, there can be no spurious expansions due to variation of area of passage. 




Fig. 185. 



The surface friction is less in these open buckets, but spilling and breaking- 
up appears to be greater — features that do not matter so much in a simple 
turbine or for one of the type 1 compound arrangement. For this reason 
compounding by type 2 in more than two stages has been found, by the 
makers of the Stumpf turbine, to give inferior results. 

Shock due to a faulty inclination of the buckets will lead to further 
spilling — the bucket being *open' — as at j?, Fig. 133a, which again leads to 
further breaking-up of the stream, especially if the error in inclination is such 
that the stream seeks to contract hi thickness. 

The total loss may be allowed for as in the previous examples. 

Make Vg = to (say) '9v.y ; in Fig. 135 CD = QBC. Then v^ is A^D, and the 

efficiency is, as before, — ^ J-^ — ^. 

Buckets of the type just discussed may, of course, be closed by filling in 
the space D, Fig. 133a. 

NUMBER OF STAGES.— To find the number of stages or wheels, 
the following method may be adopted. Suppose the initial pressure to be 
P with a temperature r (dry, wet, or superheated, as the case may be), 
and the final or exhaustrpipe pressure p„. The first point to decide is 
the peripheral speed v of the wheels suitable for the mechanical require- 
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«*»inA;f;«^ * turbine, etc., and to determine the vane angles and the various 

pressure i ^^ P^ guide passage outlet velocity being known, the fall in 
Diagram A ^'^u-"^ ^ velocity v^ may be found by calculation or from 
may be unt 'q^ ^^ ^^® usual efficiency allowance, which, as has been said, 

for the f?,!,^'' ^^'^^- (^^^^^^y efficiency). 
<*W8tocalc 1 ^^Se> it will probably be preferable in the majority of 
M a rule / ^^® ^^op ? to p^j as the measurement is rather too small, 
still is to set^ ^^^enient manipulation on the diagram. A better method 
disposal Der ^^^ ^ curve of pressure and stages derived from the energy 
can thus Kp ^^^ ^ imavoidable inequalities in the calculated results 

(«) SupS*S^- Fig. 138 is an example. 

the movinff^ ' having allowed a certain loss of relative velocity in 

the next staJ*^^- P^^g®^ the velocity v^ is in each case transmitted to 

loss, then th ^ without other loss than that embodied in the usual nozzle 

(and all the ^f ^^^^^^ velocity to be created in the second fixed passages 

tiie first stacr ^ ^^^ug fixed passages if of the same diameter) is less than in 

g^ because v^ is contributed from the preceding stage. 

^ Wore /a \ V ^ — cv ^ 

' ^*^P)b= ^ ^ — i- = tt7 ft. lbs., where (^p)b is the head disposed 

oi in each of * u ^^ 

(enerey) g^ o second and following stages, and c is the nozzle efficiency 

ThuJ(4y^ per cent. 

Now, f^^^ ^^ ^ *8 known, 
complete d ^ Diagram A find the total foot pounds (W) equivalent to the 
if the tu V?^ ^« ^ P^' -P °^y ^® *'^® condenser or exiiaust-pipe pressure 
roceiver n ^^^ ^ ^^^ ^" ^"® *^^ ^^ ^^® same diameter throughout, or the 
fivliniioHc ^^^ures if the machine is split up into two or more turbines or 
^■^""^.ff. Fig. 87. 

'"'''number of 8tage8=l + ^. 

This * ^ 

For ^ ^^'^ously for a uniform efficiency in each stage. 

waduall* progressive variation of efficiency such as would be caused by 

I 1.. V increasing a and ^ for instance, the problem is not much more 



thefii**'^^' Draw the velocity diagrams for three or four stages between 

««,.^!v *^d the last, and thus, having found out how w varies, proceed to 

•PPJUonw accordingly. 

-j^^^^^^r process would be applied where the diameters of the wheel vary 

^^^i^ely. 

^^7 Suppose the loss in each set of moving passages to be equivalent to a 

^^?J^ Velocity loss as before, and that the construction is such that v^ is 

l^oably QQ^ recovered from stage to stage ; 

then Via = ^\b = ^ic » etc. 
W 



and the number of stages 



w 



where to = energy disposed of per stage, 
and W = total available energy. 

exDjA^^EA OF FIXED OR NOZZLE PASSAGES.— It has been 

be V^^iled that for this type (and for all impulse turbines) the admission may 

l^rtial,' that is to say, the nozzle passages may be isolated or in groups, 
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and need not extend all the way round — although it by no means follows that 
this is the best arrangement to make if it can possibly be avoided. 

The area required is naturally dependent on the proper quantity of steam 
required to pass through for the given maximum power. 

Precedent must be called in to help here ; and if the turbine is of similar 
design to others from which reliable steam consumption data have been 
obtained, the matter is one of simple proportion, and the number of pounds 
of steam required per second can be estimated. 

The area of the passages at each stage is dependent on the pressure and 
density of the steam corresponding to that stage. 

These pressures are readily obtained by the use of Diagram A, but for 
numerous stages the fig\ires derived therefrom should be faired up by a curve. 
Thus, in Fig. 136, draw a line « « at a distance to from the curved axis y y, either 
parallel to t/?/ or at a varying distance from it according to the variation of w. 

Then, starting at P, draw 
the parallel - polars a^a, 
b^b, etc., cutting as in 
Oj b , . , , n. 

All these parallel- 
polars should be parallel to 
the original polar through 
P, because the dryness 
fraction (or superheat) 
progressively decreases 
unless reheaters be fitted. 
It is perhaps unneces- 
sary to remark that great 
care should be exercised 
with the drawing if accu- 
racy is required; but in 
any case, if the approxima- 
FiG. 136. tions made in other por- 

tions of the calculations 
are such that great accuracy is unnecessary, it is as well to keep rough estima- 
tions within bounds when an opportunity does more readily present itself. 

The use of tlie diagram for the above purpose will be found quite 
accurate enough, and far more rapid than plodding through masses of calcula- 
tions. Moreover, the visual appearance of the diagrammatic work is generally 
a check on itself and other functions as well. 

The amount of the pressure-drop p^ to p„^i for any stage will determine 
whetlier the passages are to be wholly convergent, parallel, or divergent. 

For type 1 with many stages, as in the Rateau turbine for instance, 
they will, as a rule, be wholly convergent, that is, p^^^i will generally be 
greater than 'bSp^- 

The area of fixed passage at any part of the turbine where the velocity of 
the steam is the same is found by the simple formula 




where A is the area in square feet, 

p the density or weight of the steam per cubic foot, 
X the dryness fraction, and 
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The area of section at right angles to the flow within any one fixed passage 
is given by 

where v is the velocity of the steam in feet per second, and Q is the quantity 
of steam passing per unit of time (second) in lbs. 

In the above and similar expressions the relative volume of the entrained 
water (represented by 1 - a?) is considered to be negligible. 

Now the width of the passage at right angles to the flow varies as the sine 
of the angle of inclination to the direction of motion of the wheels. 

So that, for a passage starting axially (taking the more general parallel 

flow type), the ratio of widths of inlet to outlet is -; — . 

sni a 

At a, 6, Fig. 137, the steam conditions are respectively 



It may happen that 
f or in continuous notation 



p\ v\ p\ etc. 

tr m , 

p 9 V , p , etc. 



p"t;V_ 1 
p'v'x" sin a 



Wl ^4 a^ m _ 1 \ 

•m Vi a?«+i sin a/ 



p. 



but it is highly improbable in the majority of cases. 

It therefore foUows that the height of the fixed vanes should vary from 
the section at a to the section at 6 if proper expansion or contraction is to bo 
provided for. 

Examples. — To take an example : 

Let t\ = 1000 feet per second, 

p = 160 lbs. per square inch, 
x^l. 

Then from Diagram A, Fig. 137, and the steam tables, 

p = -352, ;>" = 1 24 lbs. (about), 
/ = -281, a:2 = -935, 
and t7^»l75 feet per second, supposed to be transmitted 

from stage to stage. 

Let h be the length of the vanes, and w the width of the passage. 
Then, as above, 

H = -^ generally. 



At a: 



^ A„x -352x175 

^^ " 1 

« 61-6 A., 



inNK. 



r 
a 

w 
the 



-«t:ve values al).»\T 
i'.ies. provided the 
■"•.'■iintVivntiallv. 
■'••fJiii tile Mjovinir 
-■■ tiiat could lie 

• _ >:eaiii a little. 
' t!.:it the water 

• ::■^^.'^»n•) i:s at 
■ '.rs'-ie of the 



whei 



■-■. "oeau>e, 

> •■"::• 'inati- 

: > '. «.i\ er- 

•' ''.l.^^iii;:. 

• •• :•> the 
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working face of the vane, the very worst place it could be in for exerting a 
drag on the stream. Centrifugal action is, however, comparatively small in 
this type of turbine. 

The length of arc of admission, which may be only 20 to 40 degrees at 
the first stage, follows from the selection of a suitable length of vanes. This 
arc may be divided up into sections, distributed at intervals around the 
circumference, but it is preferable for it to be all in one. The arrangement 
is nevertheless arbitrary to a certain extent, 
and will be controlled by requirements. k j 

LEAKAGE — Allowance for and T ^^Cu^u^ Kvvwvvvw^^ | 
Effect of Leakage.— There is inevitably a I t If r L 

leakage of steam from cell to cell between the ^ ^ 

rotor and the diaphragm hubs ; and unless this I i 

be allowed for in the progression of working jl ,^^^ 
areas, the progression of the pressure may 
depart considerably from that intended. 

For practical convenience, the lengths of 
the guide or fixed vanes would be settled before 
determining the lengths of the partial admission 
arcs, but all the areas would be roughly deter- 
mined at first without refinements and by 
neglecting leakage. The length of vanes, both 
moving and fixed, the various diameters of the 
shaft and discs, and the leakage clearances would 
therefore be known before adjustment is made 
for leakage. 

With type 1 (also type 3), whether disc- or 
drum-built, adjustment for leakage is most 
suitably made by varying the lengths of the 
partial admission arcs. 

Since Q, the total quantity of steam and water 
passing, is constant, it follows that the general 
effect of leakage is to narrow the arcs at the 
high-pressure end, from which they increase 
towards the low-pressure end to what they 
would be if there were no leakage. 

Let a be the leakage area, which will 
probably be the same for a group of cells. 

Then, at any fixed vane outlets, the total area required 




Fio. 137. 



where v is the specific volume of the steam, with allowance for superheat or 
moisture, as the case may be. 

The face area of the partial admission is 



= Qxi 



sm a 



= F 



and the arc of admission 



length of fixed vanes 



126 



THI THKORY OF THE 8TSAH TURBINS. 



Thus, as the only variable for a group of cells is v, the calculations may be 
easily made in tabular form. 

Since the drops of pressure are usually small, it is always best to set out 
particular curves for the pressure and volume of the steam. 

The following example will illustrate the procedure : — 

For a given group of disos of the same diameter, let 

initial pressure = 100 lbs. absolute 

„ superheat =26* F. 

final pressure = 50 lbs. 

„ dryness =-982 

number of stages =12 

quantity steam flowing = 3 lbs. per sec. 

each leakage area = 75 square inches 
length of fixed vanes (^) = 1^ inches 
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10 



From diagram A or otherwise it is found that one-third of the energy is 
disposed of when 79 lbs. is reached, and two-thirds at 63^ lbs. 

From the 4 points — more may be taken if desirable — we construct the 
particular curve of pressure A B, Fig. 138. 

We also find that the steam is just dry at 70 lbs., so that the specific 

volume is known for E. 

.^Q„ 441-4 -f-/, 
i/= '592 — - * = 



The initial 



:4-7 



and the final v= -982 x 8-418 = 826 

Thus curve C D may be drawn. 

Now tabulate v scaled from C D as below. 

Other numerical constants are 

^=-^=•00666 
Vj 450 

a =-75 sq. inches = -00521 sq. ft. 

i=Ux-342 = -03' 
12 



sni a = 
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Stage. 



2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 



Press. 


r. 


100 


4-7 




4-88 




6 07 


... 


6-29 


79 


5*52 


... 


6-8 


... 


607 


... 


6-86 


68i 


6-88 




704 


... 


7-41 


• •• 


7-8 


50 


8-25 



9^ 



A sin 



- = length of partial admission arc. 



-00666 xy- 00521 
•03208 



= -860 feet 

= -888 M 

= -936 „ 

= -988 „ 

= 1041 „ 

= 1096 „ 

= 1-166 „ 

= 1-224 „ 

= 1-298 „ 

= 1-375 „ 

= 1-454 „ 

= 1-549 „ 



The effect of leakage may be very approximately determined by the use of 
mean pressures. 

As an example, take the data from the example on page 215. 

The turbine is divided into three groups, having the initial and final pres- 
sures 160, 104, 37, 2 lbs. absolute, and power ratios of 1, 2 J, 5 respectively. 

The mean pressure for each group, that is, the pressure at which one- half 
the assigned energy is disposed of, is 128, 63, 10 lbs. 

Suppose the leakage spaces are 4 inches diameter by ^\^ inch clearance 
= •196 sq. inch. 

Since the loss by leakage at any one stage is proportional to the quantity 
of steam flowing through the clearance, the effect may be expressed in terms 
of the general formula 

Thus we have — 

Work lost by leakage proportional to : — 

/•196, 
VU4' 



HP 



12 



IP 



LP 



V 144 

2lfi96 
U44 



•29 X 372) 
•148x479) = 



-1-76 



\-6i 



X ^0262 X 638 



)- 



•478 

3-878 

Suppose the total quantity of steam flowing to be 2-3 lbs. per second ; 
then work done is proportional to : — 



HP 

IP 

LP 



12(2-3-1465)= 25 8 
17 (2-3 --0965)= 37-45 
21 (2-3 --0217)= 47-8 



Loss by leakage 
Compare this with the values for the other types. 



3-878 _o,AQ 0/ 
11105~'^^^/° 



11105 
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THICKNESS OF VANES.— The thickness and humping of the 

Jix&l vaitei^ or nozzle wails depends mostly on the degree of expansion 
fcciuired. Where the stages are very nninerotis and the passages convergent, 
aiinilar vanes to those used in type 4 inaj be employed (see page 16l)< 
Otherwise there i« no particnlar rule for their shape, except that t!iey must 
he strong eiiongh for their purpose, and must properly direct the stream at 
the required angle* The experiments of Stodola do not suggest that any one 
form of paiisage presents any marked advantage over another. 

The case of the numng ranes is a little different* 

There appears to be a general notion that vanes should always be thickened 
up in the middle until the width of passage is constant ; that is, the arcs a b^ 
f fl. Fig. 139, should he struck from the same centre* 

This may be right ; it may also be quite wrong. 

The proper — or i)erhaps we shoidd say, apparently best — shape depends 
on many factoi's — the trajectory of the stream, length of vane, pitch of vanes, 
and inlet and outlet angles. The determination of the tnijectory or true path 
of the stream is given m Chapter VII., and that chapter may conveniently lie 
referred to at this juncture* 

Now, if the principal trajectory is sharply curved, 
there will be a centrifugal effect set up» and the 
pres5!tire in the steam will rise again at the working 
snrface of the vane, and fall proportionately at the 
back of the adjacent vane. 

The elemental velocities of the steam must decrea^ 
and increase accordingly* In order, therefore, that all 
threads of the steam shall traverse the passage in the 
same periods of time» it is necessary that the front 
surface of the vane shall be longer than the posterior 
surface, or, in other words, that the vane must be segment-shaped in section. 

If there were no changes of density, all the original threads of the stream 
would describe similar trajectories, and the v€me& wmihl r&iuir& to Ife of nnifarm 
ikwknmi. With simple impnise turbines and with type 1 of compound turbine 
the trajectory is very flat, and may even be a straight line, so that there is 
little or ncL change of density due to a centrifugal effect. 

If, tlierefore, the lengths of the vanes are arranged in the manner shown in 
Fig. 137, the thickness should be uniform, and, of conrae, as thin as possible, 
cson sis tent witlt strength. 

If the length of the moving vanes be varied in any other manner^ m tor 
ingtance witli a straight shrouding, the vanes must be more or leas segment- 
shaped, so that none of the trajectories of aU threads shall have sharp turns in 
them. This, however, is a matter of trial and error* 

ERRORS INTRODUCED BY PRACTICAL CONSIDERA- 
TIONS- — It will lie apparent from the foregoing and from similar examples 
that the residual velocities (D^) that require to be tnmsmitted from stage to 
atage must, in the nature of things, l^e of reasonably high magnitude, or else the 
entrance areas at a will have to he considerably m excess of the outlet areajs k 
Alternatively there must be a drop of pressure at entry to the fised passages. 

It is certainly possible that badly made passages may cause such eddying and 
other losses that their efficiency is so reduced as to be equivalent to rejecting 
v^ when estimating the etlicienoy, tnunber of stages, etc., of the turbine. 

From the previous considerations it also follows that if r^ is to be trans- 
mitted (observing that its direction ia at or about right angles to the vane 



Fig. 139. 
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motion), the onlj conditioD for an absolute! j steady and utibtx>ken flow m for 
the width of Owjixed pasmgrn at similar points to be romiwnt^ the variation of 
area being given by a Tartatton of vane length* 

This ia a piuctical possibility (neglecting loss (e) anU) for a few fttagee, 
but ia out of the question for a complete turbine, even tf tt be divided into 
two or more groups or cjlindera. 

The general diagram of the tjpe^ Fig. 62, illu^rates this point. 

The FigB. 62n and 62e are drawn {^bowing a few stages in which the width of 
the fixed passages remains constant. A completion of the stages would extend i 
beyond the convement limits of the figiire^ bnt the progression of the length 
of vanes is indicated by the dotted line h h^ which at once shows the prmcticaj 
impossibility of the arrangement. The alternative (mider the condition of 
approximately constant peripheral velocity) is to mcrease the total width of 
the fixed passages. 

By this arrangement, the admiasion that ts only partially around the first 
wheel may finlah with complete peripheral admisaton at or before the last 
wheel. 

An inspection of Fig. 62c will show that it is impossible to eiiUect the 
steam issuing from any one wheel in a parallel stream. The middle portions 
may certainJy move straight into the next fixed passages without much 
disturbance, but one or both of the end portions of the stream have to be 
considerably deflected before they (^Ji enter. 

It will be ot^erved that there <^n be no legitimate tendency for the stream 
to occupy a greater number of moving passages than actually face the Ln- 
eomtng stream, /Ulowing^ however, for a little spilling into the two outside 
moving passages — which tit not really part of the passage of the true stream 
— 'the amount of side deflection for entry into the consecutive fixed passages 
tnust» in any case» increase rapidly as the pressure diminishes^ 

It is therefore absolutely necessary, if any appnjiimation to a regular 
flow be required, that there shall be comparatively large clearauce or 
oolleoting spaces ec between the outlet of the moving passages and the 
fixed passages. 

In any example of this arrangement, the churning or eddies create by 
the deflection, although they may not seriously diminish v^ itself, will detract 
from the efficiency of the nozzle passages. 

The necessary amoimt of area, which for constant angles and velocities 
increases directly aa the specific volome of the steam less the water of con- ' 
densation, thus demands a rapid increase in the total width of the fixed 
paasages. 

This increase is indicated in Fig. 62c by the dotted lines w w, and it will 
be obvious from this figure that although the admission be partial at the high- 
preeaure end, it is by no means easy to obtain the uecessarj* width at the low- 
preeanre end unless very large wheels (with a slow speed of revolution) l>e 
adopted. 

The usual practical arrangement is a combination of the two methods of 
increasing the area ; that is, the length of the vanes is increased as well as 
the peripheral admisfiion. The relative amount by which each is increased 
depends entirely upon circumstancea, and can follow no fixed rule. 

There is, however, no difficulty whatever in the calculations involved, which 
are made precisely as indicated for a varying length of vane solely, the length 
then being reduced proportionately to the increase in total W'^"' ' the 
passages. The error in the regular flow will be proporti*^ * ♦'^ t 
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^ w.iuittedly often useful in obtaining the approxi- 



. ^ "* >u>*i^»tioii of the trajectory of the stream, it 

i ^' -^i^* ^^^ ,/ uartittl admission, to place each set of 

'•'" "* '"'** ^ ^ -.u^ preceding set. This advance is called 
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^ lu^ienitive with passages of constant width 
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■^ '.^' .•aw*^** *""* '^ found acconiing to the 
■* -I un "*Trangement depicted 
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in Figs. 62d, 62b, the lead will be constant for eaoh stage, because the relative 
velocity is constant throughout. 

In the constantrlengthof-vane arrangement the provision of lead does not 
matter much if the spaces c are large enough to allow for the side-spreading 
which occurs before entry into the next fixed passages. Moreover, with this 
and the combined arrangement the increase of area required from stage to 
stage is itself generally greater than the lead, and conditions are satisfied by 
making the passages extend on both sides of the mean lead line, but inclining 
to one side or other according as the prearranged exit velocities v^ are 
disposed. 



CHAPTER VIL 
THE TSAJECTOK7 (M^ THE STEAM. 

r«m:rs 'ms I aod 1 ; faqwfig TsfanK vi&hout Lw C m p S ; Impolw Turbine with 

THE TRUE PATH OR TRAJECTORY OF THE STEAM.— 

Thie pftSL iictniall J p«izsaed by fife screHBi m (he moTing pnaaages is not 
Tj 3« :i]iif32iei viuL ciu» ah^pe of dke lane,. bccait tlie Tmne has moved an 
uinr^cskhhi isCAoce in che time fhqming b e i^ ec u tlie entrj and exit of 



X. Take the caae oi the weaaeacfoHmr me ABC, moring in the 
^arwOHL of the arrow, Fiz. 141. A bemg tlie inkt and C the exit end. 

StuHMse the initial TeiocitT of the steam to be r, and the rane Telocity r. 
T^iAt lae relatiTe TelocxtT at inkt, that ii^ the Tekntj of the steam over 
^fe vmoe mr^*e or mean path, if ABC reprewnt the mean static path 
x^^*a^ :he vane passage; is r, - r = r^ 

T^*^ *a^ impulse turbilie. the relative velocitT remains constant when 
^rtc« 4r« sc" kissesk ?o that f . = ~ ^^ < usual notation). 

T^ ?*'«tf occupied bj the stream in traversing the path b therefore 

*»T!1 w^irt* "^ is the radius of vane. 

{Si^ £%i«t«m-Y nx>ved bv the vane in the direction A X during the time / is 

l> = — X r 

W j^«?««»vv »ao^^ ^J ^^^ ^^^^^ when the stream has traversed any 
***^^ W .s , AE • 



- .^v>**< 



, ^, m^^' K XK>t from the diameter \ C. 

' v^ ^^^y ^' ^ vHily dependent on the size of the vane and the 
^.^. ^^ ^ig^ the absolute values of r, v^ i\, etc. — the trajec- 
"^^ \'>.^ ^v^^^Vr, an? similar curves. 

->?^ "^ ^^^ ^vvM^«^i»\jr^*xg diagram, Fig. 141, are therefore standard 
^^ ^"^ . ^ ^v*««»*r v**^^ ^^^ ^^y ^*''® \yhen there is not internal 
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Fig. 141. 
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I* x^ilow^k siier&fore, that the crirvea are portionii of the previous curres, 
cxvvt^ :ibA5 tbe startrng-prjinu are at F instead of A. 

K*.^. U:i >iis>w^ the trajectories for various values of r rj. 

h >*ill Sr v>h5erved that, from the nature of the curves, the tangent to the 
u>*JvVK>rv ;a5 *uv point is parallel to the absolute velocity of the fluid at that 
ix>iui Ali!<» :hA5 the tangent to the vane (or mean line) is parallel to the 

Ihuvs bV?:k U;^ and U3a illustrate the progression of the velocity changes 
^»f I he tliuvi >*^W ^^«issing from one side to the other. 

C^^ 3^ ^^'^ l^H r^ change to some less value, v^ on account of a 
tiicti^-^^^^^ V*^**' ^uiv^U^nt) loss. 

At ^^«*^ gliUKV ii might be considered reasonable to suppose that the 
reUufti'-^i^ <>i ivUuw velocity takes place Srm rate. Since the 
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trajectory may, however, especially with semicircular vanes, have a very 
sharp turn at the outlet end, and as the curvature decreases generallj towards 
that end, there is more reason to suppose that the rate of loss increases as 
the stream proceeds. That this is so appears to receive confirmation from 
the results of many experiments made indirectly. 

In ordinary cases, however, where the vane arc is much less than a semi- 
circle, the sharp turn is cut off the trajectory, and it will be sufl&ciently 
accurate to assume that the rate of loss is imiform. 

To find the trajectory, first draw the velocity diagram as in Fig. 144, in 
which, for example, v^ = -TSt^g. 

The progression of the point B to the point D is represented by the dotted 
line, which is so constructed that the relative velocity decreases uniformly 
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per degree of change of direction. Thus C2 bisecting DCB is equal to 

DC + EC , 

; and so on. 

Select suitable divisions, such as 1, 2, 3, and complete the triangles for each 
point. 

^2 is then known at several positions along the path. 



As before 



a = arc x -— 



but in this case Vj^ is the average relative velocity up to the point taken. 

In Fig. 145 two trajectories are plotted out in the above manner. 

For the complete semicircular vane, where the final sharp turn in the 
trajectory probably occurs, the form of the dotted locus of B may be varied 
at discretion to allow for an increasing rate of loss. Any other locus will 
necessarily lie between the curve of imiform rate, as in Fig. 144, and the 
circular arc described when r^ is constant. The locus may be determined 
by the eye without materially altering the result. 
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Case 4. — Hitberto the trajectory o( a strefiui direoUy controlled by the 
working surface of the raiie has been dealt with. It is obviovis tliat if all 
portioiLs of the stream within the vane passage have pai-allel trajectories tlie 
vanee requrre t<j be of uniform thiukoess from inlet to outlet* In caBe« where 
the principal trajectory is uomparatively flat there cttu be little oentrifugal 
efi^eet and all the stream 11 ne^ will be practically the t$anie« 



^^<^ 




If the vauo edge in ao thin that loss by shook is negligible, a vane of 
uniform thickneaa will not usually be strong enough to resist the impulsej and 
a little thickening hi the middle becomes necessary. 

On the other hand^ if the radius of curvature of the trajectory is compara- 
tively small the centrifugal effect may be couisiderahle and the vane passage 
should approximate an autmlar form. 

The annular form nimifc not lie applied indiscriminately or it may J' 
considerable distortion of the stream lines. Thus in Fig*^ 1- 
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CHAPTER VIII. 
EFFICIENCY OF TURBINES. TYPES 2 and 3. 

G0NTSMT8 : — Efficiency of Type 2 — Examples — Relative Lengths of the Vanes — Length of 
Vanes constant — Thicluiess of Vanes — Vane Losses— Errora introduced — Lead— 
Type 8— Effect of Leakage. 

TYPE 2— 1st arrangement— Let the exit angles from all nozzles, 
fixed and moving passages be constant {e-g- 20''). The inlet angles will 
then vary according to the character of the triangles of velocity. 
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The aggregate loss in the vanes and guide passages will, in general, be 
greater t^n in the previous type, because the velocities dealt with are very 
much greater, particularly in the first stage, and appear to be less manageable. 

Suppose there are three stages : then the loss by internal resistance (items 
rf, e, kj page 111) in the first stage will be greater than in type 1, because in 
this case v^ is much greater. 

This cause of loss will be less for the next two stages, but transmitted 
eddies and consequent spilling will result in their not being fed with the full 
quantity of steam. Accordingly the proportion of velocity head lost will 
probably be greater than in the first stage. 

This reasoning is confirmed by the generally unsatisfac* 
obtained from turbines of this type with more than two stag^ 

In the arrangement now under consideration, when the loss i 
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ib reasonably sniall, progressive increase of vane length in required for twu 
reftsoiiB^ viz. — 

(a) The loss of relative velocity head witlvin the vane passages, 

(b) The re-con traetioti of effective exit width of the passages by reversion 
to the original angle a, 

Eniffiples, — A few typical examples of efficiencies will now be given* 




Fig. 140. 



Referring to Fig, 148, and the accompany hig Table VL, % ia taken to 
be '75f^anda-^=20\ ^ 

Fig," 148 IB drawn for three arrangements in which the vane velocity u= '1, 
■15, and ^^v^ respectively. The eftieieiicies work out (by smling the diagram) 
to the values given in the Table VI. The tigure is completed for y^^lSt;^, 
the first stage triangles only being drawn for the other values. It will be 
observed that with each of these values of v, the velocity head is uaefnlly 
exhausted in two stages. 
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Tablb VI. 
<FarFig 14j?.» 
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The total diagram efficiency \»not^^ 
be if there were no vane losses 



V 



W^ma. 



^ (or ^^^^|-^> )a.it would 



For each stage the work done is ^1 ^^^ — ^ (page 15), the vane loss 



^"^ ^"^^ '^^ ^^**^ *^^® ^^^ efficiency, the total work done must 
be found and divided by J-. It is much more convenient to use the formula 
involving the velocity-of-whirls. 

The total efficiency for any number of stages of this type of turbine is then 

Fig. 149 and Table VII. show the variation of efficiency when v^ = '^2v^ the 
probable practically ideal case, but one which has not as yet been realist. 
Fig. 150 and Table VIII. give the stage efficiencies when r ' nd 
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Table VIII. 
(For Fig. 150.) 



•99 + 558 + -209 =3-255 
= 3-046 
= 2-488 



•99 



•558 



•209 



•2x3-255= -651 
•2x3-046= -609 
-2x2-488= -498 

•2x1 -498 =-3 
•2x -99 ='2 
2x -558= -11 
•2x -209= ^042 
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In Fig. 149 are plotted the efficiencies of each stage (referred to the total 
head) separately, and of two or more — up to the maximum number of stages 
possible — of stages combined. 

On examining these diagrams and tables the total efficiency will be seen 
to depend not so much on the individual efficiency of any one stage, but 
more upon whether the exit velocity from a certain stage is sufficient for 
profitable transmission to a further stage. It will be observed that the 
percentage of energy abstracted in the various stages rapidly decreases from 
the first stage ; and that even if the residual velocity from, say, stage 3 of ('1) 
Table VII. be passed on to a fourth stage, the extra work obtained only amounts 
to about 3*1 per cent. 

In general, it will certainly not be found profitable to add a stage — the 
last stage is the most expensive stage too — that yields so little return. 
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THE RELATIVE LENGTHS OF THE VANES at the 

various points are found as follows : — 

Referring to Figs. 151 and 148, but taking Vg= •92/'2, etc. ; 

Let the length of nozzle or 1st fixed vanes = h 



Then 



Thus 
and if 



1st moving vane inlet = /i 

., . , 100 sin 7i , 
,, outlet = /i X —— X -^ — y = //, 



92 sin /? 



2nd fixed vane inlet = /?| 



., . , 100 sin S, , 
„ „ „ outlet = ;.,x-2X^.^-^ = /., 

2nd moving vane inlet ^/ig 

i.1 i. -L 100 sin Yo , 
„ „ „ outlet = /^,x-g-2Xshr| = ''« 

A _ sin 72 sin S^ sin y^ /lOOy, 
^^ sin a sin 2^ V 92 / 

sm y^ sin 8^ sinyYlOOX^ and so or 
^ sin 8a V 92 / 



This calculation is rendered very simple by finding the lengths 
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A vane efficiency of 92% has been introduced abofve, bat other Taluee may 
of oounie be taken aooording to ciitmmstanoea. 
Suppose, for example, that v= '2v^. 

Then if a = 20* , sin a = 342 

yi = 24-8* , sin 71 =41 9 
5i-27r ,8m «i = -455 
y, = 31-25*,8inyj = -519 

and /i=l 

^ -342 92 

A,= I-225x^x;g|. 1-772 

^='"2x»^x|l| = 2-92 
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These dimensions are illustrated in Fig. 151, which shows in a striking 
manner the increase of area required in a short distance. The general 
arrangement, Fig. 62c, is also proportioned on similar lines. 

2nd arrangement — Length of vanes remaining constant — The 
inlet and outlet angles of the vanes must now progressively increase in order 
to provide the necessary increase in area for the flow. 

Fig. 152 shows the construction of the velocity diagram. 

AB is Vj the nozzle outlet velocity. The outlet velocity AD from the 
moving paswiges becomes more nearly at right angles to the vane velocity 
AC, as the stages progress, until further resolution is practically impossible. 
The outlet velocity is thus obviously determined mainly by the initial 
angle a. 

Fig. 152 is drawn for a= 20', and v^='92v^. 

Table IX. gives the various efficiencies fo* ^'olues of v/vy 



tH = l. 
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Table IX. 

(For Fig. 152.) 



145 







V 

05 

II 

II 

II 
11 
II 
II 


a b c 




4 stages 

2 „ 

1st stage 

3id „ 
4th „ 


1-7 + 1-217 + 78 + -338 =4 035 

= 3-697 
= 2-917 

1-7 

1-217 

•78 

•338 




8 stages 
2 „ 

l8t stage 


•1 
II 

II 
II 
II 


1^601 + -921 + ^182 =2-704 

= 2-522 

1^601 

•921 

•182 




2 Stages 
1st stage 

2Dd „ 


•16 

II 
II 


1-608 + -662 =2^16 

1-508 

•662 




2 stages 

1st stage 
2nd „ 


•2 

1 

II 
II 


1-409 + -852 =1^761 

1-409 

-8.52 



Efficiency 



•1x4-035= -4035 
•Ix 3^697= -369 
•1x2^917= 291 

-1x1-7 =-17 
•1x1-217 = -121 
•Ix -78 =078 
•Ix -838 =-034 



•2x2-704 = -541 
-2x2-522= -504 

2x1-601 = -32 
•2x -921 = -184 
-2x -182=036 



3x2-16 =-648 

•3x1 -508 = -452 
•4x -652= -195 



-4x1 -761 = -704 

-4x1 -409 =-564 
•4x -352= -141 



The construction of the diagram for this arrangement is much simplified 
by the following geometrical consideration : — 

CD is required to be -9206 (or any other chosen value of CB). 

Set off C6=-^92CB, and draw the arc hoD with centre C, cutting BX 
drawn parallel to AC in o. 

ThenCo = C6-CD. 

Now, for the required increase of area, 



Sin B = ^ ^ because h is constant. 
-92 

T» i. sin y No FB 

^''' W=Co=C^ 



Therefore PD = FB, and D lies on the line BX. 
Similarly the other points Bj, Dp etc. lie on the same line BX. 
Draw another parallel line hx ; then all the 92 per cent, outle* 
may be readily taken with the compasses for striking the correspoi 
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The separate and combmed efficiencies for Table TX, are set out iii 
Fig. 153. 

A comparison of Fig, 153 with Fig. 149 will show that the pmeticaMbnil 
of the inmiber of stages is reached more rapidly for the same vakes of r 
in the case of the coDstant'length arrangemeuU and that the matimuift 
poBBible etficiencj is greater in the former arrangement. 







It is obvious that the intermediate arrangements between the two just 
eiemplified may be of in finite variety* For inatanceT the length of the vatiea 
may be made to increivse in a manner suitable for certain practical methods of 
manufacture^ and the angles will Tary accordingly. Or, for certain other 
methods of construction, it may be determined experimentally that the losses in 
the vanes progress in some manner according to the general intrinaic condi 
ttons ; the diagrami^ will require modification accordingly- 

The gene ml trend of the results, however, will be very much the &ame^ 
and to all intents and purposes somewhere between tlie two extremes above 
described, which do not tbemselvas give ettieiencies thnt differ greatly. 
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Revfewing the two arrangements, it is important to notice that it is prac- 
^llj iiupossihle to obt*un anything like the effieiencj of typo 1 with the 
fiatue imlividual percentage of vane losses, and this dodnctio!3 — tnade on the 
SSUiie iMisis for both— is undoubtedly largely the reason why the type has not 
been d oomparative success hitherto. 

fnde^, If future improvementii take place to the same extent in l>oth types, 
type I will alwajm have the advantage. 

The total efficiency of the turbine will be, aa before^ the no^de efficiency 
multiplied by the diagram etticiency just obtained ; and «inee th<^ muon d'etre 
ot the type is a low peripheral velocity, with a niininnini number of vanes and 
parts, it follows that a maximum practical eliiciency of more tlian about 60 
per cent, (as compared with the 81 '7 per cent, of type 1) cannot very well be 
doped for, 

Since the attainment of an actual 05 to 70 per cent, efficiency is conttidered 
good practice with either type 1 or 4, it follows that nnlem the vanes uf type 
i can be made to do something very much better than anything that has jet 
been accomplished, type 2 must ever be a fail n re from the point of view of 
economy. 

Inventors may profitably accept the a^urance that it is absolutely useless 
to even attempt a greater number uf velocity stages than 3 ; and those inven- 
tion* embodying a dozen or more such stages, and for which patents are taken 
out with almost clock I ike regularity, are f|nite futile, 

THICKNESS OF VANEa— As observed on page 128, if the 
lengths of the vanes arc arranged to satisfy the general conditions 
above deacrihied, the thickness should be uniform, provided there is no 
centrifugal effect. 

With this type of turbine, and also with type 3^ the trajectory for the 
fiist row of moving vanes is sharply curved, and it is only for the last row 
that it resembles that of type 1 . There will tlierefore be considerable centri- 
fugal eflect, although in the moving passages it will not be at a maximimi in 

■ the middle of the passage, but at the exit end. 
With the guide passages it is in the middle — or rather, it is practically 
imiform over the whole arc of the vane. All the vanes should therefore be 

Ihumped. Fiirtherj if the shroudings are straight in the first arrangementi 
ma, must generally be the case in praetice, a further degree of humping is 
necesBary to provide steady trajectories, 
VANE LOSSES must in general be greater in this type of turbine 
on account of the centrifugal eftect, as the steam cannot have its density 
alternately incrcasecl and decreased without some loss of efiective energy, of 
the nature of ordinary nozzle losses. The principil effect appears t-o be to 
break up the stream, especially as there is the invariable accompaniment of 
nosszle waves, so that it h rapidly rendered useless for transmission to further 
stages* In these circumstances it leaks and spills unless the clearances (axial, 
not radial, in the parallel-How turbine) are very fine. One of the features 
that types 2 and S should poasess — that is, an independence of fine clearances 
— has therefore to be ignored, unless the inlet edges of the vanes are long 

■ emough to catch the part^ of the stream that would otherwise stray. There 
IS, however, just as much trouble arising from aspimtion even then* When 
the vane lengths are in continuous progression, tine clearancea have bp^'~ 
proved to be absolutely necessary in order to obtain a good ecouoi 

Figt 154 shows an enlarged view of an upto-date t^urtia 
Arrangement (as applied to one of the principal stages of a ty( 
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It will be observed that spilling and leakage are sought to be minimised bv 
the use of fine longitudinal clearances and hy overlapping various parts. 

Ill the Curtis Patt-nt No, 16210 of 1903, illufitrated on page 173, an attempt 
baB, it will be eeeu, been made to reduce the variation of dcujiity by, as it 
were, dragging the steam away from the working face of the vane bj meanis 
of a spurious expansion, and therobj docrca^ the vane losses?. 
A« a tnntter of fact, however, the cure \& woi^e than the evil, 
ERRORS INTRODUCED BY PRACTICAL CONSIDERA- 
TIONS ai's precisely of the same nature as in type 1, with the exception that 
for ^ closed ' pas^ges, at least, the total width of the stream cannot be increased. 
It will be obvious tliat, as there is no recouHtruetion of the stream by 
means of secondaiy nozzle4ike passages^ it must proceed in a regular manner, 
and therefore that a constant total width of passages— cither partial or 

complete admission — is the 
only alternative arrangement 
Increase of area can therefore 
he provided for only by one 
or both of the methods above 
detailed, 

A reconatruction of the 
width of the stream is per- 
missible within small limits 
for the open buckets of the 
Stumpf variety, but in general 
the arrangement is not even 
then practically convenient. 
The development of type 2 is 
consequently somewhat handi- 
capped by the elimination of 
an otherwise useful arrange- 
ment, 

LEAD.— If the width of 
the Beoond and following 
guides (the noKxlos being 
No. 1) is only just sufficient 
to pass the quantity of steam 
flowing, that is, if they extend over an equal arc, it m neceasary to provide 
lead so that the entry may be fair* The amount of lead is determinable 
by the method given in Chapter VIL, and applies to cither of the above 
arrangements- 

It is not, however, necessary that the width of the guides shall be the same 
ae the nozzle width. They may be as much wider as may be desired, and it 
is desirable that they should extend two or three pitches of vanes both ways. 
Thus r rf, Fig. (j4d, may be wider than a b^ atid g d' than a! h\ The main flow 
cannot possibly enter the wing passages if the lead be correct, but these 
passages pNJvide to a certain extent for the aspiration and action of the 
spurious side flow. 

For instance, consider a moving vane passage as it approaches the nozxle 
passage. The whole of the dead steam within the passage should not he set 
in motion until the passage is nearly or quite under the nox^le, atid then only 
without shock. 

But instead of this being so, the noj^le steam will begin to set tbe dead 




Fig. 154, 
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stesm in moCiao UdoR the puBAse is balf v^ij under tlie iioide« mud m certtdn 
amoont of the sanoaiidmg sieun is thus aa^ed in as velL Of oou»e^ all 
this is done mX the eipwr of the coei^gr of the mmin flow, with tlie result that 
the relmtiTe Tdodtj vithin the puBikges as ther come under the noctle vill be 
lover than vhen in mid-stream. Similar oaoditions occur as the Tan«$ leave 
the noazks. 

There is then, in effsct, a side flfMvading in the total width of flow, and it 
has been proTed that some of the work that would otherwise be lost can be 
recovered bj addiqg a few extra guide vane& The foregoing remarks af^v 
to the Mlowing stages^ 

TYPE 3. — Hie ooDsidersdon of the velocitv diitgrams and efficiencies 
shows them to be identical with those of trpe 2, and similar general conclusious 
api^j, bat to a leas marked degree, for, since the diagnuu efficiencv (see Fig. 
149) increaaes as r r^ increases, the aggregate practical efficieucv will inci^sase 
also. 

Type 3 has the pnurtacal advantage over type 2, which is further accentu- 
ated in ^rpe 1, in that the losses bj spilling and leakage are collected at the 
end of the main stages (that is, in the receiver or their equivalent), and the 
steam usefuDj expended in the foUowing stages^ 

Since the number of rows of vanes in each main stage or cylinder is, for 
the same peri{^end velocity, less than in type 2, the spilling losses are less 
and the actual efficiency <^ each cylinder therefore approaches more nearly 
the ideaL 

In any case, as before stated, the practical limit of the numlier of stages in 
each cylinder for turbines on present<Lay lines appears to be three, or, with 
advantage, two only. 

In designing a turbine on this principle, care must be taken to see that 
the disc and ventilating friction is kept within bounds. 

THE EFFECT OF LEAKAGE.— The leakage between stage and 
stage must also be allowed for as in type 1. The example given on page 126 
will indicate the general procedure, the only difference arising from the fact 
that there are fewer stages. 

The effect of leakage may, however, assume alarming proportions if the 
clearances between the shaft (or wheel hub, as in the Curtis turbine) are not 
kept very small 

Take, for example, the data from Table XIII., p. 213, which is for the 
same size of turbine as in the example of typo 1, and assume the leakage 
clearance to be ^, the same as before, that is, *196 sq. in. We have then 
pressures of 160, 65, 23, 7|, and 2, initial and final as the case may be. 

Work lost by leakage is : : to <ipv^ 

Stage 1 ^x-1523 x 1892 = -392 

2 :^x-0572 X 1892= 147 
144 

3 7?fx'0198 X 1892 = -051 

144: 

4 ^ X -00578 X 1892 =-0149 
^^* -6049 
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Work done is : : to Total quantity - '6049 
= 4x2-3- •6049 = 8-595 

Leakage loss =^^^^ = 704% 

Compare this with the values for the other types. 

It has been so widely claimed that this type of turbine is immune from 
the leakage troubles of type 4 that the possibility of serious leakage between 
stage and stage has hardly been hinted at. It will be seen, however, that 
unless there is practically a steam-tight gland between the stages — which are 
quite inaccessible for examination or adjustment — it is simply a case of the 
transference of a common evil from one place to another. 



CHAPTER IX. 
EFFICIENCY OF TURBINES— TYPE 4. 

Contents : — ^Type 4.— VariAtionB of Diameters of Drums— Number of Stages for a ffiyen 
Stepped IJTum— Diagram Efficiency— Total Number of Stam— Area through vane 
Passages, and Shape of Vanes— Total Area« Pitch of Vanes— Effect of Leakage. 

TYPE 4.— As previously explained, there is in this type of turbine a 
generation of velocity within the moving passages as well as within the nozzle 
or guide passages. 

The varieties of triangles of velocity that may be devised are even more 
numerous than in the case of turbines of type 1. 

For maximum efficiency the same influences prevail ; the pressure-head 
should be maintained as long as possible, that is, the velocity should only be 
created for immediate use ; the residual 
velocity from each stage should be as 
low as possible, and the residual head as 
high as possible, consistent with the 
general velocity conditions. 

The particular consideration of the 
efficiency of the compound elastic fluid 
reaction turbine has little or no analogy ^^®* l^^* 

with that for the hydraulic turbine, 
with the exception of the general resemblance of the velocity diagram. 

The attainment of maximum efficiency is also helped by providing that 
the expansion from one end of the turbine to the other shall take place in as 
continuous a manner as possible. In fact, this may be taken as one of the 
datum conditions of the type. 

The kinetic energy created in each passage, fixed and moving, should then 
be approximately equal, v^ will therefore be equal to v^ and, since the angles 
a and p are naturally as small as possible, and in practice, conveniently 
made equal to one another, Vj will equal v^ (see Fig. 155). 

Further, as there is no great reason to suppose that the loss of energy in 
the fixed passages is greater or less than in the moving passages (it is probably 
a little less, on account of the centrifugal effect in the moving passages), virtually 
the same proportion of v^ will be carried through the moving passages as of 
v^ through the next fixed passage. 

If, therefore, v^ = v^ and v^ = v^ we have a condition of good efficiency by 
the avoidance of jerky expansion. 

In any case, it is a further condition of good practical efficiency (as dis- 
tinguished from ' diagram efficiency ' ) that v^ and v^ should be as small as 
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possible, within Uie reaaonable limits of obtaining adequate aiea for the 
quantity of steam requirecL 

If the same kind of detrimental action be supposed to take place as occuni 
more or less, in the other types, so that the exit velocity from each stage is 
in resultant effect greatly impaired, and if, as has been shown, the number of 
stages is, with similar data, about double that of type 1, it follows that the 
smaller r^ and r^ are the better. 

In Chapter L it was stated that the ratio ^^ is called by Prof. Rateaa 

yi 

the ' degree of reaction ' c, when — is the head to be disposed of in one stage. 

V*- r 2 
If rj = r„ and v^^t^ then — — -2- is also equal to c. 

It was further stated there that the best all-round efficiency was obtained 
when c := '5. So that, with the value '5, we again arrive at the statement that 
regular expansion is conducive to good efficiency. 

The remaining general features of the velocity diagram may be considered 
as follows : — 

Reverting to the general case (page 11), when there are no losses, the 
head given for each stage (i.e. one fixed + one moving set of vanes) is h 



where 



h^ V-t;,«-hr,» 



2y 



Suppose h is coustaut ; also suppose a » )8 » constant. 
Then ^l±^lzllzl^= work done 

aud this cxpressiou requires to be a maximum. 

Therefore 2(jh - r^^ has to be a maximum. 

Therefore v^^ has to be a minimum, to satisfy which 

t\ must be at right angles to v.y Similarly v^ must be at right angles to 
Cy On the other hand i\ and fj are subject to various losses, and should 
therefore not be less than i\ 

The various conditions that require to be satisfied consequently result in 
ro and v^ being about at right angles to r. The normal value of Vj is, prefer- 
ably, slightly in excess of , as it can then vary a little with the least 

detriment to the efficiency. 

VARIATION OF DIAMETERS OF DRUMS.— The following 
remarks apply more particularly to the usual parallel-flow arrangement ; but 
for a radial-flow turbine, the only diflference that exists is in the transposition 
of some of the quantities. 

Since with this type of turbine, where there is expansion in the moving 
passages, and since, with the constructions that at present alone appear to be 
feasible, it is necessary to supply steam initially all the way round the drum, 
it follows that, with the retention of approximately similar angles to aj and p^ 
throughout, a progressively increasing length of vanes is required. 

For this to be eflfected on wheels or a drum of the same diameter from 
end to end would result in excessively lor- the low-pressure end of 



EFFICIENCY OF TURBIKIS. 



153 



[1© turV>itn?. hj fact, th«y would hv iio long tbil a greatly diftei*enl set of 
loeily conditions wo it Id exiiit between the tips and the roots, aud au absurd 
listribiitiou of presaur^s would be required for euouomicid working. 

1 1 iis therefore uecesBsiiry to iucreaee the diameter of the whceb or druias 
iw^bjch the vanes are fixed towards the low-preasure ead, m well as to 

ge by a reasinmhle amount the leiigth of vaueis. 
It hnjti been shown in Chapter IV, tliat the number of wbeek or stages is 
ainparativelj large in thiii iypn of turbine. Practical considerations there- 
jre demand that ah ojany of the vanes iiiball be of the same size as possible. 
The total number often runs into many thousands, or even millions. 

Nuniemus schemes have heen proixised for obtaining the pi-ogressive 
"iiicrea«e of area by building up the vanes on a conieal druiu. It is not at 
all a convenient method — except on paper — as it involves the accurate boring 
^btiid ttiriiitig of a very large numlter of diameters ; or, wlmt is nearly as bad, 
^^be boring and turning of conieal members having only a small working 
^klearanee between them. 

■^ The PaiTiions turbine, and others on the same lines, compromise matters by 
Htiiaklng a series of drums of progressively increasing diameter, each drum 
l^eoutaining several rows of vanes of the same, or approximately the same, size 
and leugth. 

Now, iuppos€ there is on an?/ mm drum a numbGT of rings of vane-a of ike 
mMfrm mze, that is^ a number of stages witlx vane passjiges of tbo same area 
tbrough and same vane angles, it is evident that, since the specific volume of 
the steam is considerably greater at the last stage than at the Brst of the 
series, the Telocity of the steam at similar points must increase towards the 
latter end. 

It is therefore necessary to know what errors, if any, are introduced by 
tbe anungement, 

Ilf Q = quantity of steam passiing in lbs. per see* 
A = area at any point in sq* ft. 
V = the velocity of the eteam at the same point in ft, per sec. 
|) = density in lbs. per cub, ft. per sec. 
Then (neglecting the dryness fraction) 
Q = ApV 
To take an example : Suppose the total range of pressure for the whole 
turbine be divided into 7 parte, so that the energy for disposal iu equal in 
each part. Thus, for the mngc 1 70 lbs. pressure to 3 lbs. pressure (absolute), 
the total energy available is about 212,000 ft. lbs. pet Il>,j and ench group 
of vanes will therefore bave to dispose of 30,300 ft. lbs. per lb- For the 
fir^t group (which may be called the bigb-pressure drum), this represents a 
fall of from 170 lbs, to about 10*) lbs. pressure. 

Let the mean vane velocity be 200 feet jier second, and let the vane 
angles lie a = /:f = 20"", and in the finst stage let v^ and v^ be at right angles 
to AC or ?) (Fig. 156). 

rnr * 1.1 fi * . 200 200 nia 

Then m the first stage v. = r—^ = _ = 2 1 3 ^ tv 

^ ^ cos 20 '94 " 

At the outlet of the fixed passages of the first stage the specific volume 
i^j = 2'7 cub, ft, per lb. (approximately). 

And at the outlet of the fixed passages of the last stage of the group* 
c^^^ about 4 '2 cub. ft per lb. 




- i:r r.":^-- -'-ivTt > ii»-: -sime a* that from the 
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aud the number of stages on the first drum is (2*25)^, or 5 times as many as 
on the last drum. 

Intermediate number of stages can be similarly calculated and easily 
checked from Diagram A. 

The question of diagram efficiency itself does not enter so largely into the 
problem as in the case of the previous types, mainly for the reason that the 
whole of the passages of this type of turbine are practically equivalent to a 
big nozzle from which the energy of the steam is extracted during the 
expansion, or, at any rate, during half of it ; while, if leakage and the effect of 
splitting the stream up into numerous divisions did not play such an important 
part^ the efficiency would be very much the same as that of an ordinary 
nozzle of like capacity. 

Since the fixed and moving vanes are of similar shape in convenient 
practice, the loss in creating v^ will be about equal to the loss in creating v^ 
so that if v^ is required to have any particular value, the area through the 

passages must allow of the creation of a theoretical ^, where 17' is the nozzle 

V 
efficiency, 95 per cent, or less (velocity). 

If then ^2 is transmitted through the moving passages so that t;,^ - v^ 
approaches its theoretical value, 

and if v. is transmitted through A^ ^ V'"94 ^ 

the fixed passages so that Via - i\ 
approaches its theoretical value, 
etc., it follows that, without 
leakage, the efficiency of the 
turbine will be the efficiency of 
the individual nozzle-like pas- 
sages, and may therefore attain 
a higher value than in any of Fio. 157. 

the other types. 

THE DIAGRAM EFFICIENCY may nevertheless be compared 
with that of other types, but as a matter of secondary interest. 

Suppose o = j8=20* and t\ = v^ «^2='4> ''2 being at right angles 
to V. 

Suppose the loss in the passages to be 8 per cent, (velocity) as in the 
other cases. 

Let ^g be the theoretical value of the velocity generated in the moving 
passages (Fig. 157). 

Then, approximately, 

and if v^ = v^ = 1, 

t;8=1056 
The work done = 2v(ai) = 2^2 = 1 -766. 

The head supplied = v.^ - vJ + v^^ * 

= l-0--117 + M15 = l-998 

1 'Tfifi 
and the diagram efficiency = = *885 

l*y9o 

If the nozzle efficiency of the fixed passages attains the fairly high value 
* This applies simply to the moviDg stage by itself. 




156 THE THEORY OF THE STEAM TURBINE. 

of 95 i)cr cent., in which case i\ may be siipposed entirely lost, the eflBciencv 
of the turbine will l)o 

88*5 X 95 = 84 per cent. 

Compare with the values for the other types (pp. 118, 147). 

It again appears that the possible efficiency of this type of turbine exceeds 
that of any of the other types. 

Leakage from stage to stage over the vane ends, and especially pist 
dummy pistons, is, however, a serious item, and appears to completely nullify 
any semi- theoretical advantage, as above discussed. 

The actual efficiency of the Parsons type of turbine does not usually 
exceed 60 per cent. 

There is, on the whole, therefore, a very good reason for the adherence on 
the part of many inventors and designers to this type of turbine, provided 
that a fairly satisftvctory solution of the leakage problem can be effected. 

The conipiirison of the performances of this with other types will be best 
made by studying the steam consumption data given in Chapter XV. 

TOTAL NUMBER OF STAGES.— Let the expansion Ixj pro- 
perly continuous by increasing the length of each row of vanes the correct 
amount. 

Su[)iK)se that the velocity r^ is not lost, and that the total vane losses are 
etjuivalcnt to reducing r?^ and T\ so much per cent, (say 8%). Then find by 
calculation — not by Diagram A, except for a check, as the values are generally 
too small — the energy equivalent to a creation of velocity 

Thus V = 223*8 ^/cnergy in ETTU. 



or v^energy in ft. lbs. x 64*4 



or e = 



50103 



Now lind fn>ui Diajijrani A or by calculation the total energy E (B.T.U.) 
for the full divp of pressure, with or without superhciit as the case may be. 

Then the nvuuUT of single stages = -^' 

or the number of rows of moving vanes equals the number of i-ows of fixed vanes 

^E 
2e 




V 



♦w tuii oiilv would impossibly long vanes be required i 
0^ ¥) ui» "^''^^ o\^n complications so obvious that it is unnecessary 



* ^^^^ *''^*L— WniV ^ steam velocities might be allowed to naturally 
> *i^ ^^^ ^"^v^ajted above, although it wonlH he found that the 
^^^ ^ ""^ ^^^ rll^^Ltiriiaii for a comply 
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Variaium t^ ihe diameter cf the drums mud therefore be adapted far 
turUnee working with the Msmal ramget of preentre. 

It is poanble to mnrnnge for a nearly uniform diameter of dnim in the 
case of turbines divided up into two or more separate imits (corresponding to 
the high-pressure^ intermediate-pressure, and low-pressure cylinders of the 
reciprocatuig engine), and this is frequently done in the P&rsons marine 
turbine. 

To find the number erf* Stages when the drums are stepped : 

Suppose the mean diameter <^ the last row of A-anes to have been settle<l 
by other considerations — velocity, space available, power, revolutions, steam 
consumption, etc 

To take an example : 

Let the mean diameter of the first row of vanes be — -- that of the last 

2*25 
row ; " -"^ 

the energy to be disposed of in each group or step be equal ; 

the number of groups be N = 5 (say) ; 

the number of stages (fixed 4* moving) in the last group he n ; 

a = )8=20*; 

the maximum peripheral velocity (measured at the centre of the 

largest vanes) be 500 ♦ feet per second ; 
the initial pressure be 160 lbs. al)6., and the back pressure 3 lbs. abs. ; 

n must now be determined. 




Fio. 158. 



Select the maximum value of r,, that is AB„, Fig. 158, — say 1'5/', and the 

minimum value of w, — say 

* cos a 

Then the mean value of i\ or AB„ is 

AB, + AB 



»J0-5^4>-1-281. 



Then on the last stage 

i\ mean = 641 

v^ max. =750 

t\ min. = 532 

and by scale /'4 mean = 240 

/r^ mean should be used for obtaining n, making an allowance of energy for 
vane losses. 

* This hiffh value is taken to abbreviate the example. The usual flxuro Ih about 800 
feet per aeoond. 
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Assume the loss to be equivalent to reducing the mean velocity in the 
passages to 85 per cent, of the theoretical. 

(This is a little higher value than the best value that has been obtained hitherto.) 
Then 



^1 IBMH - ^4 



•85 



whence 
As before, 



:712 



50103 



= 8-99B.T.U. 
»tii 
E 



E (J^3 }|jg')= 268 B.T.U. for dry saturated steam. 
Then 



; = 5-97 



268 
5x8-99 

Say 6 stages, fixed + moving. 

The remainder of the calculation may now proceed in the following tabular 
form : — 

Table X. 



Group No. 


1 


2 


3 
1-47 


4 
1-74 


5 


Ratio of mean diameters of vanes . 

Ratio of number of stages 

or rows of \&nes .... 


1 

= 5 
30 


1-23 


2-25 ' 


/2-25\2 
Vl-23; 
= 3-32 

20 

82 


/2-25\2 
\l-47; 
= 2-33 


/2-25y 
ll-74J 
= 1-66 

10 


1 
1 1 

1 


Number of rows of vanes, fixed 
plus moving .... 


6 


Initial pressure .... 


160 
2-79 

2-79 


41 

.0 


19 


46 


Specific volume y . 

Riitio of vane lengths 
_ y 
diameter of vanes xv,„,ean * 

^^ mean * • 


5-25 


20-8 


5-25 

1-23x349 

1-245 

410 
849 


10 


20-8 
1-74x494 

2-48 

580 
494 
412 


46 
2-25x641 

3-25 

750 
641 
532 


1x284 
or 1 

334 
284 
237 


1-47x417 
1-664 

490 
417 
849 
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The various ratios of diameters given in the example ahove are highly 
arbitrary, but the process of trial and error soon determines what values will 
suit, an easy matter by the application of the slide-rule. 

It will be observed that the above treatment includes the first row, thus 
involving a slight error. 

In practice it is not always easy to make the last few rows on the last 
drum of the necessary length to deal with the quantity of steam required at 
t\ max. as proportioned in the preceding groups, a and fS are therefore 
frequently increased with a corresponding sacrifice of efficiency of the 
stag^ involved, to compensate for which an extra pair of rows may be 
necessary. 

AREA THROUGH VANE PASSAGES AND SHAPE 
VANES. — Since the energy disposed of in any stage is intrin- 
sically very small, and generally well below the amount required 
to produce the critical velocity (about 1350 feet per second), 
calculations for determining the proper progression of area from 
point to point through any one passage are highly abstruse. 
Such calculations — even supposing a steady flow and transforma- 
tion of energy — would require more exact values (to several 
places of decimals) of the various physical constants of steam 
than we at present possess, or indeed are likely to possess. 
Fortunately, however, the exact determination of the shape of 
the passage is quite unnecessary. 

An approximate estimation of the relative areas of any stage 
at inlet and outlet can be made by ascertaining the energy 
disposed of in that stage. The passages require to be wholly 
convergent in any case, and this condition is at once fulfilled 
by employing vanes of uniform thickness, having the general 
conformation of Fig. 159. 

This amount of convergence will, however, generally be 
excessive where the vanes are of the same length at their inlet 
and outlet edges. 

For example, take a stage somewhere in the middle of the turbine. 

Suppose p at inlet or p^ = 50 lbs. absolute 

x^ = '94 (dryness fraction) 

^ = 1 70 I *** ^"® ^^ ^^® distorted positions 
''a = 20' 
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From the steam tables we have 

Pi = -120, Ti = 740, L, = 917-4 



e = "^'_ ri = 2-42 B T.U 

50103 



We now require to know p^, x^, t^ 
By III. (12), 



Tj / T2 

from which, t3 = 737 approximately. 
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So that P2 — about 46 lbs. absolute 
and X2 = *933 about. 

-3 is now required. 



As before, 
At a, 

Ath, 



X 



Q^A„j<-12xl70^21-7A, 
*94 



Q-^ 



X -11x400 



•933 



= 47-lA, 




NWWWXW 

A 6 

Fio. 160. 



whence, if ^„ = 1» ^h = 1 *34. 

A similar calculation for any other stage will give similar results. For 
instance, if p^ « 10 lbs., y^ = 560, v^ = 240, a?j = '85, we have 
c = 4-82 B.T.U., and K^Vi^K (Fig. 160). 

It will thus be found that in general the exit area for 
square-ended vanes is much too small if xxhe the true inlet 
area (Fig. 159). 

Now, since a variation to the above extent in the length 
of one vane is out of the question in practice, it follows that 
either the contraction must be considered to be near the 
outlet, or a contracted section must be provided somewhere 
well within the passage, all portions in front of this section 
being in effect an *open bucket,' of which the surface xy 
receives the impulse of the stream, and the space z is merely 
a collecting space for stray currents. This function of the 
space z follows naturally in the majority of the passages in 
the usual Parsons construction, because the relative velocity 
at the inlet is oblique. See Fig. 156. 
It has been seen from experiments by Stodola and others (page 38) that 
whatever })e the shape of the passage, the drop of pressure takes place more 
or less suddenly at, or about, the first contraction of section ; and that this 
di'op of pressure (which generally exceeds the ultimate drop) is followed by 
H succession of fluctuations of pressure, which die out eventually, but which 
uovortheless occupy a considerable distance compared with the section of the 
m^^vle. For tlie small drops of pressure in the present case the fluctuations 
^^V^ not large, but they appear to be of measurable amplitude and wave length. 
\X U therefore desirable that these disturbances should be kept within 
^|jt WW»ag^ if possible, and not made worse by allowing them to occur 
:tt ^W v4^iiMranoe gaps, which could not fail to greatly increase the spilling 
^^\| ^ Kv ^Uly currents. 

^fjl^«myftg of the vane at the part a. Fig. 161, naturally commends itself 
I gt Walining the requirements. 

,Sl Ws b^on seen from Rosenhain's experiments that the velocity 

, k higher when the inlet is comparatively sharp than it is 

tlid thickeninp ' •^fore tend to improve the eftici- 

i^i^BiBH|M|t4i^ 10ttle8. ^ %tes that by thickening his 

^^^^^^^^^ IdMwl 'lenefit of at least 10 per 
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cent, (refer to Patent No. 8697 of 1896) over the previous form of vanes of 
uniform thickness. 

9o determine the allowable amount of thickening when K^hf,; find, by 

a converse calculation to that given above, the ratio of A^ to A^ A^ being 

taken at the hump. The hump should be as near the inlet as possible, 

* consistent with not obstructing the ready entrance of the stream from those 

passages where v^ and v^ are nearly at right angles to v. 

Further, it should be as far back as possible, since it gives a better 
opportunity ^^^ the oscillations to die out within the passage, and allows the 
tail ends of the vanes to perform their function of guiding the stream in 
the proper linear direction. 

THE TOTAL AREA through the passages that is required to 
P^ a given amount of steam miist be measured at the otUlet or narrowest return, 
<^inot at XT, Fig. 159, and- the steam must then be taken to move at the 
various values of v, and % 

THE PITCH OF THE VANES should obviously be as large 
^ possible, consistent with effectively directing the stream to the prof>er 
melinatioD. In the Parsons turbine the pitch is about '65 times the width 
of the vane when a = about 20', that is 

p = about -65 w (Fig. 161). 



KH 




Fig. 161. 

THE EFFECT OF LEAKAGE may approximately l>e a.scertained 
in the same way as indicated for type 1. There are in type 4, according to 
the particular construction adopted, a few additional points to (Ajfiervc. 

Consider first the usual unshrouded vanes of the Parsons ty[^. Fig. 162. 

Let Q be the total quantity of steam pasi^iug, and c the mean circum- 
ference of the row of vanes, which is large compared with the length of the 
vanes. 
' Issuing from SLjvDed tone annulus we liave a quantity 

Q = a^j = {e(l + If) sin a)pr^ directed at the profier angle u 
+ (eb'taa a')prj passing through the clearance. 

The effective value of a will depend on circurn--:tances. In the uaiial con- 
struction, the motioD of the drum D, combined with the influence of the 
edges of the vanes and the stream within the vaue^, terjdh Uj make the leakage 
stream take the same path as the main -trcam rather than to take the axial 
path. In other words, circumstances UaA Uj choke and prevent leakage at 
this place. 

The velocity and direction of the whole stream LvJiing from the fixed vane 

• annulus will therefore be much the same as if there were no clearance — pp> 

Tided, <rf ooane, that the clearance be reasonably small. In any case the 

slightly greater avenge axial direction which the leakage stream will necessariiy 

take will be quite as effective for doing work as that of the main stne^ni- for 
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^ visk the shape ol dbe Tues^ tends to poll 

I ihe WaHgr Hiieia axkOr agmin, to whidi 

i is wiE feaiiSi' ■ ^^■■Mi^ the axial path giTisg 

\ the CRA&eR area. 

4 On tbe wiufe. thocfote, there will be 

^ abofzt an eqwl t en d enc y for this noD- 



.^SNXN§^ woctanp kaihace stieam to be heated owing 






the fsBommg faed Tanea^ and to pss 
thiongh vithiOQi cuipoaiti oo on aoooant of 
some moce or les £air steam lines that 
SDAT exist. 

It B a common — and rather fiar-fetcbed 

— sipinsitioa that the heating effect is 

oommimkated to the main bulk of tbe 

Fk. :-r3. steam paawng; although how this process 

ean take place is bj no means clear. 

It se^cis n.*ich =:i*:rr nskioc&rle to soppose that the heat b coDducted 

aw^kv tarouirh :Le riii-etAlIio srirfices with whii^ the leakage stream is in 

iiitiiLui:*? vccract. 

To >:i:i: 'wip^ we iii^ij ^ien ::iir' j coosider that the portion represented by h' 
^ Ic^x, Ar>i we ;ilso h^ve :cAt — 

Tbe worst possible nrlAtivc Tahie of the leakaee loss per pair of rowt 
%»U be 

-; — ^^^^-^ :'>r a clear dLxial blow-through. 

■. ; -r : ■ sm a 

T!ht DTOtebte value will be about - — --^ — 
^^ (*-rr)sma 

»i*y-yand*=& 

tfc §^ thH» unMMdiiatelT that if the T;&ne5 be shrouded and have their roots 
^^^^ A the drum orcasingr. as shown in Figs. 173, 178, 184, 

^K^ t^ tb&n the eriL unless those constructions aUow of 

^^^^^ '^ixt^ lc9^ than one-half the clearance in the common 

T ^p^i^ iMlttl^ Wf^** ^^^ vanes is not, as a rule, so great as is usually 
aK»*it -13 to -07 per cent, per y^ inch average 
li ht^ turl^ines respectivelj. 
w^ dfcvi^ precisely in the same wav as indicated for 

em 

whei 

^^^^y ^ «■!» * ^nd let the various other 

vanes as 
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Group . 

Diameter 

A . 

6' and b' 

Mean density 

Number of rows 

Mean Telocity v^ 



I 


2 


1' 


1-28' 


1" 


1-245'' 


•02* 


•02" 


•26 


•146 


80 


20 


284 


849 



3 


, 4 


6 


1-47' 


174' 


! 2^26' 


1-664'' 


1 2^48'' 


, 8-25'' 


•026" 


1 08" 


•085" 


•077 


•0867 


1 -0158 


14 


! 10 


1 a 


417 


; 494 


1 641 



Then Q = constant = (e.g. group 1) 

3-U X 1 X -26 X 284 x -342 

12 (sin 20*) 

=» 6*6 lbs. per second. 

Total quantity eflfect =• 30 x 6 -6 = 1 98 

+ 20x6-6=132 
+ 14x6-6= 92-4 
+ 10x6-6= 66 
+ 6x6-6= 39-6 



528-0 



The leakage effect for clear axial blow-through 



The worst possible loss 
The probable loss 



198 , 
•342 ' 



•02 
1 ' 
132 J)2 
"*■ -342 "^1-245' 

92-4 -025 
"*■ -342 "^1-664 

66 -03 
■*■ -342 "^ 2-48 



.11-6 



6-2 



= 406 



= 2-335 



39-6 -035 
"*■ -342 "^ 3-25 



- 1-245 



25-44 



25-44 

= 4-82% 



528-0 

= one-half this =2-41% 
= -0965% per jjyGXf ^"^^ mean clearance 



A rough idea of the leakage loss may be obtained by simply taking the 
conditions at the middle of the turbine expansion, there being in general a 
^ery large number of rows of vanes. 

Thus i^-4-4%, instead of the 482% above. 

Leakage past labyrinth balance pistons and glai 
[)a8t balance or dummy pistons may be a serious item if the del 
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we have seen that the entrance angles of the vanes are practicallj only l 

shift after all. 

For the moving vane annulus the normal work done from the i 

of Q is then proportional to {c(Z + 6'')sin a)pv^y and from the reaotioi 

from the moving passages the work done is proportional to {^(Z + ft'^dn 
The impulse portion l> tends to travel straight across the gap b 

direction a, and is assisted bj UM 
of the vanes; but the new velooilgr 
by the further drop of pressure^ t* 
with the shape of the vanes, tends 
the leakage stream axially agaiiii t( 
it will readily respond, the axul piEtL 
the greatest area. 

On the whole, therefore, them 
about an equal tendency f(nr tt 
working leakage stream to be heeto 
to some impingement on the b 
the following fixed vanes, and t 
through without opposition on Mc 
some more or less fair steam He 
may exist. 

It is a common — and 
— supposition that the 
commimicated to the 
steam passing, although 
can take place is by 

It seems much more reasonable to suppose that the 

away through the metallic surfaces with which the 

intimate contact. 

To sum up, we may then fairly consider that the portion : 

is lost, and we also have that — 

The worst possible relative value of the leakage loss per poA 

will be 

— — - — : for a clear axial blow-through. 

(Z + h) sm a 

The probable value will be about j- — j^—. — 
*^ (l + h) sm a 

where b = b' ^b" and a = j3. 

It follows immediately that if the vanes be shrouded and have 11} 
raised above the level of the drum or casing, as shown in Figs. iTflJi'I 
etc., the remedy is worse than the evil,, unless those construe ' 
the working clearance being less than one-half the clearance in 
construction. ^ 

Tlie loss by leakage over the vanes is not, as a rule, so great •cIIni^ 
supposed, and varies from about 13 to '07 per cent, per ti^ 'M^ ' 
clearance in small and large turbines respectively. 

The calculations are effected precisely in the same way as ivfb^ 
type 1. i;i 

Example : — "^ 

Take the data from the example on page 158, and let the ^^aAli^ 
dimensions be as in the following table : — J^** 



rather lai 

heating c 
oain bulk 

how 

no 
heat is ec 






r- 



BFnCIBNCY OP TURBINES. 165 

The full steam pressure on the ring of water, blowing it against the centri- 
fugal force, is 

(160-104)3-275 x 12 = 2200 lbs. 

The steam pressure is thus overwhelmingly greater than any centrifugal 
foroe that can be created. 

Soppoee that the pressure is gradually reduced, and that a series of 

preaBure zones (which may be quite filled with water) arc trapped between the 

BuooesaiYe rings. 

2200 
Then -—^-^ » 18 rings at least would be required. 
126 

The water rings would, however, have an equal inducement to be held at 
rest by friction on the fixed ring as to revolve with the dummy ring. The 
mean velocity would therefore be only ^i^, and the number of rings required 
would be 72, an impracticable number. Similar figures are obtained for the 
low-pressure piston. The above example does not, of course, take into account 
capillary forces, which, under the peculiar conditions, are quite unknown. 

It is very questionable whether surface tension (except for very minute 
clearances indeed) plays any important part under the kind of grinding action 
and with the clearances that obtain in practice. 

With the ordinary type of dummy rings, the rings must either actually 
rub or be clear. Now it is an extremely difficult matter to ensure having 
a given clearance when the turbine is at its full normal heat ; moreover, varia- 
tions of temperature and of superheat certainly do have a considerable effect on 
the relative expansion of the rotor and casing, so much so that it has occurred 
that the rings have fouled seriously, and have had to be renewed. The rings 
invariably do rub away in normal circumstances, where it is obvious that all 
conditions cannot be kept perfectly steady. 

It therefore follows that, for a given adjustment — which is naturally 
supposed to last for a considerable time — there will inevitably be a measur- 
able leakage clearance under the normal and sub-normal conditions of working 
when the rings have rubbed themselves just clear under some extreme 
condition of working (such as a temperature rise of 5" or 10" above the 
normal, and which is just as likely to occur on the first day of working as at 
any other time). 

Take an example : — 

Suppose the clearance is jjf^ inch, and that the diameters of the dummy 
pistons are 12^, 19, and 26^ inches. 

Let the stage pressures be 160, 104, 37, and 2 lbs. absolute, giving 
available energy heads of 1 : 2^ : 5. 

Then the leakage areas are 

(1) -005 X 12-5 X 314 = 196 sq. inch 
(2)005x19 X 314 =298 
(3) -005 X 26-5 X 3-14 = -416 

The maximum discharges per square inch per hour are in round figures 
(1) 7950 lbs. 
(2)5000 „ 
(3) 1810 „ 

and the quantities leaking along A, B, and C (Fig. 164) are 

(1) 7950 X -196 = 1560 lbs. per hr. 

(2) 5000 X -298 = 1490 „ 

(3) 1810 X -416= 740 „ 



166 



THK THEORY OF THE STEAM TURBINE. 



Now, a quantitj 

1560-1490 = 70 lbs. passes through D to do work in the turbine, 
ami ;i «|uantity 

1 490 - 740 = 650 passes along £ to do work in the low-pressure part 
of the turbine. 

Thu2» the leakage effect = 1 x 1560= 1560 

+ 2^x1490 = 3310 
+ 5 X 740 = 3700 

8570 




Fio. 164. 



'vH 



.i 'vurbiuc of this size the total quantity of steam used per hour will be 
i.v^. ' \vHH) lb.*. 
•Xiv.Vnv thv 



• ts^ qiuuitity etfect = 12000 x 8J - 99000. 
^vi ;c>akiHf« loss =^^=8-65% 
• Ajwvil 1-7% per y^Vtf i»ch clearance. 



^si value for the common construction. 

«bl ^fi4«> leakage gives a toUiI of 10 or 13 p^r cent. 
u 14^'i^ihlty 1t*eeii made with a new arrangement of 
%U44i large low-pre^stire piston la replaced by 
. Lit-her end of the turbiuo, having intermediate 
vwk siilfi of it, which leads into the exhaust 
i^M4t !iM lav as dispensing with the large and 
vv but incrL*tisas tUc difficulties arising from 
md ctising, since the adjitgting block has 




iiidliiit i* required with mich an arrange- 
«%^Uawi)^ have occurred. 
.^bMill turbine will almost certainly be 



If 

probable 
ijxerted on 



CHAPTER X. 
TURBINE VANES. 

CoNTBNTB :— Methods of Making and Fitting Torbiiie Vanes— From 1891 to 1903. 

METHODS OF MAKING AND FITTING TURBINE VANES. 

— Numerous methods have been devised with the object of reducing the 
cost of manufacture of the many thousands of vanes required for the steam 
turbine. 

The following devices are collected and abstracted from the patent records. 
Inventors do not appear to have devoted their attention to these details before 
the appearance of the Parsons turbine. 

All inventions relating to this subject are therefore of quite recent date, 
and those of Mr Parsons himself are among the most notable. 




FiQ. 165.— Panons, 10940, 1891. 



Fio. 166.— De Laval, 13770, 1892. 



The following is a fairly complete record up to date, and the sketches 
are mostly self-explanatory and do not require lengthy description. 

Parsons, 10940 of 1891, Fig. 165. 

The vanes are of bent strip, * set up ' at bottom end a, inserted in a 

groove cut in the rotor and casing. A slotted retaining ring b is then 

slipped over the vanes in the groove and the whole fullered up. 
Dc Laval, 13770 of 1892, Fig. 166. 

The vanee are stamped or machined, gripped between the wheel discs 

and held by the notches on the sides. 
Scgcr, 4611 of 1894, Fig. 167. . . . , . 

The lugs on the vanes, made of sheet metal, are mserted in the slots ni 

the wheel rim and bent over. 
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Seger, 22842 of 1897, Fig. 168. 

Shows one of the many varieties of the same method of holding vanes 
included in this patent. 





Fio. 167.— Seger, 4611, 1894. 



Fio. 168.— Seger, 22842, 1897. 



Parsons, 8698 of 1896, Fig. 169. 

This appears to be the first patent specification relating to fitting 
vanes of a variable cross-section. 

1. The vanes a are cut from strip metal. 

The packing pieces b are also cut from strip metal c. The vanes and 
packing pieces are then packed alternately into slightly undercut 
grooves in the rotor or casing, and are then fullered up, as at ^ 
and e. This method is in common use at present. 

2. An alternative method in which the vanes are stamped with a foot/. 



"=> i^* 









&^'h 



Fio. 169.— Parsons, 8698, 1896. 



These vanes are then inserted and fullered up in the grooves as before, 
no packing pieces being necessary. 

3. g is a tie or shrouding ring soldered or brazed into the vanes, h is 
a wire threaded through the vanes to hold them together more 
rigidly. 
Schmidt, 17481 of 1896, Fig. 170. 

The vanes are stamped to shape, fitted in drilled and slotted holes in 
the wheel disc, and fullered up. The lips a form a continuous 
shrouding. 
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Fio. 170.— Schmidt, 174S1, 1896. 

Parsons, Stoney, and Fullagrar, 16284 of 1899, Fig. 171. 

1. The vanes, cut from strip, are fitted into slotted shroudings a and 6. 
The lips ef are then pressed over tightly on to the vanes. A special 
machine for both milling the slots and bending the lips over has been 
devised. The two operations are arranged to take place concurrently, 
the bending-over operation being a few pitches behind the cutting- 
out operation, so that the attendant has time to insert the vanes in 
place. The large shrouding a is inserted in a groove and the whole 
fullered up. 

2. A method is also described for casting the shroudings on to the series 
of vanes, which are secured in their relative position by a light slotted 
shrouding of soft metal which becomes welded or melted into the 
heavier cast shrouding. 




Fio. 171.— Pantons, Stoney, and Fullagar, 16284, 1899. 



Parsons, 7065 of 1901, Fig. 172. 

A siinilar method to No. 8698 (2) above. Here the vanes are inserted 
in the ring grooves by way of the cavity a, which is finally filled with 
a locking piece as shown. The feet of the vanes are bevelled and of 
dovetail cross-section, and it is stated that no fullering in necessary. 

Fullagar, 7184 of 1901, Fig. 173. 

1. Segmental blocks hh are slotted to the approximate shape of the 
half vane section. The vanes are firmly w«iged in, and the blocks 
retained in place by the wedging ring 14. 

2. A more secure method of holding the vanes. One 
square to the surface and the other block h^ d* 

bent vanes are then inserted in the slots as 
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3. A variety of tip shroadings is deficribed, that shown in the figure 
being typiod. Tlie principle of these peculiar shroudings has been 




r\ 



V 



^•iv .., i^>^i.,v :«^, i5»:. 




Fig. 173.— FnllagM-, 7184, 1901. 




Schn 



tllC N 



ijriftir^ ^*^ 1^^* 



to prevent leakage, 
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FuUagar, 8934 of 1901, Fig. 174. 

A method of forming the guide or nozzle passages for turhines of 
type 1. The principle of the method is very similar to that of the 
previous patent, and the segmental hlocks a (partial admission) are 
fitted into recesses in the diaphragm plates 6. 





V////M'/////////M/A 



DD^J^ 



Fio. 175.— Pullagar, U594, 1901. 



Fig. 176.— Rateau, 11701, 1901. 



FuUagar, 14594 of 1901, Fig. 175. 

The wheel vanes c are inserted through the perforated shrouding d 

and in the slots e. 

The wheel rims are slotted by the special milling 

cutter to the approximate circular form of the vanes, 

which are then inserted and fullered up. 
Rateau, 1x701 of 1901, Fig. 176. 

The vanes are of sheet metal, pressed into shape and 

riveted on the wheel rim. 

Parsons, 12347 of 1901. 

1. Fig. 177. Three special forms of headed vanes are 
described, one of which is here shown. The vanes 
are cut from strip and pressed into shape. 

2. Fig. 178. A development of 16284 of 1889. The 
lips e of the slotted shroudings are sufficiently long to 
overlap one another when pressed over. The corners 
are then machined off level as at ah. The carrier 
shrouding projects beyond its groove and faces the 
tip shrouding of the neighbouring vane. Minimum 
clearances are given longitudinally (parallel - flow 
turbine), and are more or less adjustable by the 
external thrust block. 

3. The perforated tip shrouding d is fitted over the notched 
and riveted or soldered up. 

4. A binding shroud e is secured to the notched vanes bj 
soldered or brazed up integi-ally. This method is in p 
Messrs Parsons and others. It is applied particularly 
vanes at the low-pressure end of the turbine. 




Fig. 177. —Par- 
sons, 12347, 
1901. 



vanes. 
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5. Fig. 179. Similar methods of holding vanes are described in 7184 
of 1901, except that the segmental blocks /are of dovetailed form. 
The slots g in the alternative method are made diagonally in both 
blocks. 










c 



f — ^ 



Fio. 178. — Piii-sons, 12347, 1901. 







^AUU 



Fio. 179.— Parsons, 12347, 1901. 




Fig. ISO.—Fullagar, 14693, 1901. 



Fullagar, 14593 of 1901, Fig. 180. 

A inethocl of making nozzle or guide vanes suitable for impulse 
turbines. The vanes are cut from strip of section a, the back 
side b is then milled off in a s^- * ' ^hine, and the ends slotted 
as at c. 
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iSJ22 the spoke-like a^ruction of vane that is intended to form 
the eeacntial feature of the ZoeUy construction. 




Fio. 181.— B. T. H. Co., 15871, 1901. 

Curtis (British Thomson Houston Co), 15871 of 190Z, Fig. 181. 
These vanes are milled from the solid rim, or cast in sections. The 
figure illustrates one of the numerous methods proposed for holding 
the segments to the wheels. Another method adopted in the Curtis 
turbine is shown in Fig. 154. 






Fio. 182.— B. T. H. Co., 16210, 1908. 



Fio. 183.— Fagerstrom, 3548, 1904. 



Curtis (B.T.H. Co.), 16210 of 1903, Fig. 182. 

This patent relates to the cutting away of the middle portions of the 

non- working face, referred to on page 148. Two alternatives are 

shown in tibe figure. 
Fagerstrom, No. 3543 of 1904, Fig. 183. 

The vanes are prised to shape and inserted in slots ci 

rim, having drilled holes across them. Pins o* 

in the remaining hollows as shown. 
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FuUagar, No. 21932 of 1903, Fig. 1^^. 

1. The vanes are secured by means of the slotted blocks t, the slots 
being closed up after inserting the vanes. The blocks are secured to 
the rotor in the same way as in 7184/01. 




f^^^ r , ,., .^. -iilf'^ , '-. ,, V- , ,- 




Fio. 184.— Fullagar, 21982, 1903. 



'2. Channel or angle bar shrouding is riveted to the vanes in the 
eoninion manner. The channel form gives great rigidity to the as- 
sembled vanes, and in the event of the shrouding fouling the casing 
(or rotor) the vanes are less likely to be stripped. 

Messrs Willans «k Robinson are at present building turbines on this 
plan, and the vanes are assembled in semicircular segments before 
insertion in the ring grooves of the drums and casing. 
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DISC AND VANE FRICTION IN TURBINES. 

Contents: — Disc Friction — Critical Speed — Vane Resistance— 
CoeflScients for Steam— Examples. 

DISC FRICTION.— For those classes of turbines iu which the rotor 
consists of one or more wheels having a very high peripheral velocity, the 
resistance by friction with the surrounding steam is not always a negligible 
factor ; indeed, it is this alone which imposes a limit to the economical speed 
of simple turbines, beyond which, although the vane or diagram efficiency 
may increase, the increase of disc friction entirely neutralises the benefit. 

For compound turbines of type 1, for instance, the disc friction per disc 
is much smaller; but as there is usually a large number of wheels, it is 
advisable to examine whether any serious loss of power is likely to accrue 
from the adoption of given velocities. 

The friotional resistance of these parts of a turbine may be derived from 
three sources: (a) pure surface friction of the disc, 
which is more or less of a pumping action; (b) com- 
pression of the steam under the rim of the wheel, when 
the latter exists ; (e) the resistance given by the vanes, 
commonly called ' ventilator friction/ 

Special experiments on the subject are not very 
numerous, but those of Mr Odell with paper discs, of 
Lewicki with a De Laval wheel, and, more recently, of 
Stodola with a series of turbine wheels of different sizes, 
enable an approximate estimate of these losses, or at any 
rate for those arising from (a) and (c), to be made. 

It is a common supposition that at very low speeds 
fluid friction is proportional to the angular velocity, or 
to the mean surface velocity. This appears from experi- 
ments to be true up to a certain critical limit, at which limit the disc, as it 
were, grips the fluid and behaves as a centrifugal pump. 

The kind of action when the disc is in a free space will be somewhat as 
indicated in Fig. 185. 

If such a pumping action is taking place, then the quantity of steam 
pumped will be roughly proportional to the area of the disc and to tlie 
velocity with which the steam is thrown off at the outer edge ; that is, 

Q is proportional to rr* 

The work done is proportional to the kinetic energy given to the steam, 
that is, to r* or w V. 
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19« 
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The above data relate to the power expended in air of the same density 
throughout. 

Innumerable experiments on the resistance to flow of gases have shown 
that it is directly proportional to the density of the gas. 

This law has been confirmed in the case of rotating turbine discs by 
Stodola and Lewicki, the former with air, and the latter with saturated steam. 

The following are Lewicki's results,* obtained with the 225 mm. De Laval 
wheel : — 



5-7 


8-6 


14-2 


7-8x10-7 


7-7x10-7 


7-86x10-7 


81-4 


80-2 


82 



pressure of Steam, absolute . 
e for disc only (not including vanes) 

BLP. -r p 



IT p 

The coincidence of — l— l in the three experiments confirms the law that the 
P 
TQBistance varies with the density, p being the density. 
We may therefore write 

H.P. = c<uV5/) (1) 

In the two above tables c has been calculated from this formula, the density 
in the first series bemg taken at -076. The units are in feet and seconds. 

VANE RESISTANCE. — A section of Stodola's experiments are 
interesting for the relative values derived for vane resistance (or * ventilating ' 
effect) and disc resistance. 

It seems reasonable to suppose that the vane resistance for symmetrical 
▼anes {i.e. where inlet and outlet edges are equally inclined) varies almost 
solely with their length and velocity. No doubt the angle of the vanes has a 
considerable influence, for Stodola found that the power required to drive the 
wheel backwards was on an average 5 times that required for forward motion. 

As, however, most impulse turbines of the parallel-flow type have vanes 
inclined at very much the same angle, any formula that can be derived from 
a series of experiments such as Stodola and Lewicki's may certainly be con- 
sidered of general application. 

Stodola used a series of wheels of about 21^", 21J", 24J", 28i", 37", and 
49}" diameter respectively, of which the first mentioned was plain, without 
vanes. The remainder had vanes of various lengths. 

The coefficient of the plain wheel determined as above is 3-97 x 10"', which 
agrees very well with OdelFs coefficients. 

Taking a mean with those coefficients, we may put for air — 

Disc resistance in Horse-power = 3-35 x lO-Vw^r^ ( l ) 

Working out the power for disc resistance for Stodola's five cases, we 
have from (1) — 



Diameter of wheel, inches 



21i 



24} 



28} 



37 



49| 



Z>MC horse-power . . '178 I '303 '726 I 1044 I'Oe 

and from the experimental results this leaves for vane resistance as follows : — 
I Tan^ horse-power . I "357 I 1'646 , 1-036 I 1-269 I i -fiS* 



♦ Stodola, SUam Turbine, 



or TBI 8IS4M j%jwnsE, 



Sow if v« pox wmat h o ^MLpO W Li = c,i^, wha^ r s tiie petiphenl or 
flUBc Tkxrt Tekeax, / x tbe Ibq^ ctf liie Tmnes in mrju^ um) c, k the 
fXM&aeErt ic be Ofttwimiifd ; c, k fomid to bair the mast unifonn nihie wiia 

Z is abcKZt ^. 

Pirmn^r-* i£.€. H.P. = r-jti^ ^ r) Cj k » foDoirs :— 



iOli 



fir* ^7€ 



^OOS 



DM3 



for which the mean rdne ii r. » ^M. 

Thus for tarbine vheek rouiazig m air the foQowing fonnnk mij be 
written for the total rcsisUnce : 

aP. = 3-35xlO--p,g«F*+<4«ip^7 . . . (2) 

It will DOW be neoesBSJT to find the Tidiies ai the coefficients for steam. 
I^owicki's experiments with the De LstsI tariuDe wheel sre of aasisUDoe 
here, but it is neceaBanr to msike one masumptioo, til. that the relstiTC 
reMlHtance of the ranes and the disc akoe are the same when rotatiDg in 
steam us in air. Until further experiments are made with steam we must be 
(U)iitont with this assumption, which probably wiU not lead us reir far astnj. 

Lowicki'n experiments were not only made with saturated steam, but wiA 
higl) (h'KreeH of HU(>erheat as well. 

T\w following table gives the various results of these expenment£ made 
with thi» 'J'Jft nun. De Laval wheel (page 67) running at 20,000 revolutions 
|H»r luliuito. Lowicki's original table {Z.V. d. /., 1901) gave the total horse- 
ih^NM^m tif nmlKtniuu\ but in the following Uble thej are split up as above 
Iu<hortt«Ml, which, for the particular dimensions* and speed of the wheel, 
rtppt^ittohn ti:\{\ por (UMit. to disc friction and 46*4 per cent, to vane resistance. 

Table XII. 
; .♦/•♦.'<»% f'\vpf*rim(ffifs frith De Laved Wlieel rotating in Air and Steavi. 
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COEFFICIENTS FOR STEAM.— The disc coefficient with air, 
5*43 X 10'^ is rather high compared with the previously noted values, but as the 
vane coefficient is naturally equally high, we must either suspect the general 
accuracy of Lewicki's experiments (which depends on a possible error in the 
estimation of the dead friction of the apparatus), or else wc must attribute 
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the difference to the shapes of the wheels. The De Laval wheel may, with 
its peculiar shape, be a much more efficient * centrifugal pump ' than wheels 
of flatter section. It certainly has a greater siirface for its diameter, 
amounting, especially when the comparatively large hubs are taken 
consideration, to from 15 to 20 per cent, extra. So that compared 
coefficient^ 3*97 x 10 , the value 5*43 x 10~^ is perhaps a litt 
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very far wrong. We may therefore reasonably accept the general magnitode 
of the coefficients for the steam conditions. 

The coefficients of the above table are plotted in Fig. 186, together with the 
coefficients derived from the other set of experiments referred to on page 177. 

An examination of this diagram shows that the coefficient decreases veiy 
rapidly at first, but that the benefit derived from superheating ultimatdy 
disappears, even if it does not tend to become negative. It also shows that, 
taking into account the slight inaccuracy that would naturally occur in anj 
experiments of the sort and in the deduced results, the two curves for the 
atmospheric and the low pressure are practically coincident. 

It would seem, however, that the points A must be suspected, for there are 
the two points B, C both for saturated steam at a low pressure, indicating a 
less steep curve. If, therefore, a mean curve can be drawn for the various 
results, the coefficient obtained therefrom will be suitable for any temperature 
condition, whether as superheat or as saturation. Such a curve is the dotted 
line E F. The variation of density for either the pressure or the superheat 
condition is provided for in p. 

It is highly probable that — apart from the particular density arising 
therefrom — the mere existence of a certain degree of temperature has little to 
do with the resistance. It has been frequently established — and the author 
has lumself observed it many times in the case of steam pipes — that water 
can exist in tlie immediate presence of superheated steam. Accepting this 
phenomenon, then, as a reality, it follows that the friction of a turbine wheel 
will not decrease suddenly with the advent of superheat, but will decrease 
gradually, until all the water is completely detached from the surface, beyond 
which jx)int no further decrease is to be expected. 

What the value of the coefficient becomes as the dryness fraction of 
saturated steam decreiises we do not know as yet, but an extension of a steep 
curve such as A D, based on a proportional decrease of entropy, would give 
aksurtl values for low pressures. 

It will sutHce for most calculations to take the coefficients for the dry 
saturated condition, for which case — as well as for a superheat condition— 
the dotted curves E F, G H may be used. E F is for the disc and G H for the 
vanes. 

Accepting these coefficients as indicated above, the E F, G H lines will 
refer to wheels of the thick l)e Laval form. 

In the absence of further experimental evidence, it seems, however, reason- 
able that /or /a/ ivheels having comjyaraHvely siunlf hub.^ (such as the Rateau 
and Curtis wheels, etc.), the coefficients should be reduced in the propor- 
tion 5-43 : 3-35, or, say, to '6 of the E F, G H values. 

EXAMPLES. — The following examples will give an idea of the 
resistance inider different conditions : — 

1. Given a flattish wheel disc 4 feet diameter, with vanes 2 inches 
long and of symmetrical form ; steam pressure surrounding wheel 80 lbs. 
absolute ; temperature of steam SSO'^F ; 2500 revolutions per minute ; partial 
admission, so that a great portion of the vanes are free : 

Then, from Fig. 186 r = 7-12^x10-7 
and in this example ^* = 6 x 7*1 2 x 10"" 
= 4-27x10-" 

Also, c'j = -0857, but in this example 

Ci=0857x-6»-0'^ 
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From the data, to « 262, ai» = 1 79 x 10^ 

r = 2, r5 = 32 

ri- 20834, s/r^=l'U3 

!;« 546 feet per second 

p=a706 (see page 187) 
Then 

H.P. = 4-27 X 10-7 p«»r«+ 0515 vlp»Jf^ 

-4-27 X 10-7 X 1705 x 1-79 x 10^ x 32+0515 x 546 x 2 x 1705 x 1-443 
= 41-7 + 13-85 
= 55-55 

2. Take a wheel 2 feet in diameter, with 2 inch vanes and a peripheral 
speed (v) the same as before : 

Then ai = 524, cii'= 144 x 10« 

r=l 

ri = 1-0834, >/F;"=1041 
And 

H.P. = 4-27 X 10-^ X -1705 x 1-44 x 10»x I + 0515 x 546 x 2 x 1705 x 1041 
= 10-47 + 10 
-20-47 

If the vane velocity be one-half the above, that is, 273, the powers 
absorbed are ^ and ^ of the disc and vane resistances respectively. There- 
fore, for the two cases corresponding to (1) and (2) above, the total H.P. 
absorbed would be 12*13 and 6*31 respectively. 

Thus although, in the majority of cases, the power lost by simply driving 
the wheels around at their proper speed may perhaps be comparatively small, 
it is very easy to design a turbine in which this factor becomes prohibitive. 

For in example (1) above, 55 horse-power seems a large amount, but it is 
one, nevertheless, which would be quite permissible in a unit of 3000 or 4000 
horse-power, provided there were only three or four wheels, as the data tacitly 
imply. 

In cases of full admission the true vane resistance naturally disappears. 
A proportionate reduction will also take place according to the degree of 
admission where this is partial only. 

It is legitimate to consider this to be the case, for although there is pre- 
sumably iJways a certain amount of true vane resistance, this is really 
included in the vane passage losses, v^^zv,,, previously discussed. 

In turbines of type 1 the vane resistance may rise to a prohibitive amount 
if due care is not exercised in selecting the various dimensions. 

Further examples involving the estimation of these internal resistances are 
given in Chapter XIV. on * governing.' 
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THE SPECIFIC HEAT OF SUPERHEATED STEAM.- 

Hiurji the CMtiiblifihment by Regnault of the wril-kiKnni en^aiicml fomrake for 
the ' U/tal heat of steam,' 

dry saturated uteam, H = 1091 7 + -305 (/ - 32) 

or H- 1082 + -305/ 

an/1 for »iii>erheated Htcaru, Hj = H + C^t, - t) 

whero (J^, JM the wpecific heat of the superheated steam at constant preaBUie. 
(l^, UtiH hitherUi \Hsen c^^iisidered to be a constant for all practical purposes. 
lUii^tiault'M vahic, '4805, which was obtained from only four experiments at 
iitifirisph<;ri(; pnmsure, has l>een adhered to. 

One rt'JiHiHi for thin iiiay \)e found in the fact that, for a long period, tiie 
hufxirhcatirr fell iiit^; diHime owing to mechanical troubles, and therefore 
tHuiuHinuH for thr* iine of foriniilic involving the properties of superheated steam 
woro few and far between. 

I)urihj< the IjiHt few years the superheater, with improved construction, 
helped by iniprovwJ engine c^^nntruction, has come to the front again, and the 
great lul vantages in steam economy derived by its use apply in nearly the 
ttauie degree to the steani turbine as to the reciprocating engine. 

Other experimenters have shown from time to time that the Regnault 
valuta, IMOr), did not satisfy Jill conditions, but as, until quite recently, none 
of tlieni were able U) substitute more reliable figures for it, this value has 
become rather difficult to dishxlge from its conventional position. 

(irindley, in 1900, carried out a series of experiments at atmospheric 
prcsHuns the results of which have been recalculated by Reeve. They 
extended over a range of superheat of about 330* F. above saturation tempera- 
ture. Since then Oreissmann lias made furthur determinations with a more 
perfect apparatus, extending over a comparatively small range of temperature. 
The regular so<iuence of tiie 122 readings he obtained seems to confer upon 
TtMtti A fair degree of reliability — at any rate for an average value. 

Hanv authorities consider it reasonable to suppose that the value of C^ 
K I M.ui^4e function of the temperature only, and not of the pressure. This, 
»v'»vv^%;4!k io*»^uot ^em to be quite borne out by Lorenz's still more recent 
..^v^^.;u.vK»u«s which are referred to belo^- 

•v^u v»imule> iu»d Grwssman's figur ile straight-line law. 

II 
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Fig. 18T gives the results obtained by various experime a tersj of whick tbose 
of Mr Enimett are partieularly interesting, in beiug deduced from a, series of 
test* made >vith the Curtis ttirbine at ti pressure of about 155 lbs. Although 
tiiese deductions are aduiittedlj rough, they show that, Tor such steam con- 
dltioixs as usually obtain in practice, the value of C^. appears to be nearer 
*7 than '48. 

Professor Loren^'s experiments were made, at the instance of the Verein 
Deutscher Ingenieure, at vaHfym preB8ure$, thus departing from the lines upon 
which most of his predeccssore had worked. 

Lorenz's figures appear at first to be hopeless as an indication of any law, 
and he himself practically gave up the attempt to evolve a simple law from 
them. He remarks, however, that ** the specific heat merea^eg with the pressure 
Mid dfiCTBOiei mtk the temperature as the condition departs from saturation " ; 



Fio. 187.— Specific Heat of Suf^erbeated Steam. 

also, that " for low pressures Regoault^s value '48, seems to hold good, while 
for high presiiuresj *6 is approximated to," 

Professor K. H. Smith * ha^i, however, made an exceedingly ingenious 
attempt to unravel Lorenz^s tigiu-ei. By a process of deductiou and careful 
plotting he arrives at Fig, 188, from which the original constructional lines 
are here omitted* 

To quote hia description of the diagram : — " The chart may be looked on m 
a phin, with prcssui'es aa horistontal coK>rdinatea, and temperatures as vertical 
ordinates. Ifj at right angles to the plane of this chart, were erected at each 
point an ordinate whose height measured U} any convenient scale the Bi>ecific 
heat of steam in the pi*e8sure*temperature condition indicated by the point, 
there would he obtained a curved surface which would be a complete diagram 
of steam specific heats. Contours of equal levels on this surface would join up 
all places at which there is equal specific heat. The full line curves on Fig. 168| 
laarked in large figures *18, *5, '55, % '65, and '7, are such contours/* 

• A^f^mer^ July 8, 1901, 
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^^^" These curveis are ba^d a^ strictly an posaiblo on the experimental results, 
^F and it seams reaBonable to supjxjse tbat although the general trend of the 
^M law may thus be fairly accurately represented, the errors that creep in all 
^1 experiments would account for the distorted shape of enrs^es '65 and "7, 
^M partitmkrljr in relation to the ^saturated steam line A B. 
^M This line is the locus of the saturation tenipe rat urea, 

^m Prtjfesaor Smith points out that, m the saturated condition m apprdacbed^ 
^^^^ the specific heat sihould merge into the specilic heat of boiling water at the 
^^^^ same temperature and pressure ; and that, as the specific heat n^es with the 
^^^V temperature, it must be considerably above ujiity near the critical point. 
^m Thus the contour should rise to at lefl«t unity on the saturated steam line, 
^m and it therefore appears reasonable to suppose that the contour lines must 
^M aDDFoach this line in sliai^e for 
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their flat portions^ mther than 
present the concave loops of '65 
and *7 curves. 

Now, taking the very numerous 
results given in Fig* 187, there does 
not appear to hu any harmony what- 
ever between them and I*rofessor 
Smith's deductions from Loremss 
experiments. 

The only possible alternatives are 
therefore to accept these results with 
reserve, or to take an average (for 
atmospheric pressure) from all the 
results in Fig. 187, 
B Thus, an average reading appears 
to show that at atmospheric pres- 
sure, and at a temperature of about 
150" C, (302' F.I the specific heat is 
about 55. 

This certaudy agrees with the 
atmospheric point on the '55 contour 
of Fig. 188, and may therefore he 
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?1G. l88."8pGciac Meat of Saiwrhe*fcefl St^ai 
(Loren^— a H. Smith). 

atmospheres pressure, and thifi i 
Dtisideriiig its steep fcslope. 

The author takes the liberty of go 
89 as an approximate guide for calc 
Lirbine construction and teats* 

Fig. 189 does not greatly differ 
tiioothod up generally, so that calcu 
tierefrom will have u greater current c 

The diagram is admittedly tentatii 
oaring in miud that Trofesaor Loreuz 
liable we, so far, possess, any error ini 

1 practice, woiUd be accompanied with 
ill certahily be very much nearer the 
I Ktjgnault's '48, 


1 tsikeu as confirmatory of the point 
Further, Emmt^tt^a figures give a 
rough value of '7 for 268* C. and 

a not very far from the '7 contour, 

►hig a step further and presenting Fig, 
ulationa involved m steam engine and 

from Fig. 188, but the contours are 
ilations based on specific heata taken 
onsistcncy, 

i*e, for the reasons given above; also, 
's experiments appear to be the most 
TOlved by its use for pressures such as, 
superheat^ will not be very great, and 
mark than the universal application 
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Tharo ia yet another strong reason for supporting Professor Smith's 
.^eiMf^ oonstructiouj viz. that the eflieicucies of tiLrbines and engines ba»ed 
^ya the steam heat calculated therefrotu an? much nmre consistent with one 
-^.nother than when "48 is used. Sec Tiiblei? XVL, XVU. 

AVERAGE VALUE OF THE SPECIFIC HEAT. — For 
^eternimiug the total heat and other functions of stenni for a given pressure 
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Fio. 18»,— Specific Heat orSu|ierh«ited St**ftHu 

attd superheat, it in iieceasary to take the average tfoim of the specific heat 
over the range of superheat given* 

Fig* 190 has been constrnetcd from Fig. 189, and gives the approxipiate 
averftge value of the specific heat to be taken for a given yuperheat tempera- 
ture. 

Thus, at 145 Ibtj. absolute presjiure and tempemturc 400" F., C^ (average) 
-775, and this value nmy bo used in the expression C^t.^Tj) and other 
Bimilar exprciiEiions. 
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The velocitjt etc. derived from superhe&ted steam with tmreststed flow 

may be aacertained approximately frum Dmgrara A m a aimilar mAniier to ] 
the wet and dry determinations. The diagram is obvioiisly not applicahle i 
for very small drops of pressure (giviug velocities of only a few bundr^ feet), 
but is approximate enough for most ordinary purpoea^p especially in view 
of the tentative character of the specific heat values. 
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Fto, IftO.— Avemgc Spydtio He*t of Siii»rlu)iitKi Steum (C,, in various foimiil»}* 

te Diigi^xn A are drawn lines for 50, 100, 150, and 200 degreail 
ii superheat respectively. Intermediate degrees can easily be 

aatropy Btagnun B is nevertheless more generally useful, i 
tf fMBBure, for dctenuining the various fmictions of the steam , 
t The specific heats adopted in the eonstrnetion of 
itemed from Fi^. 199»^ 

MikiidiagiiLiii \> ii^**l^rl -m [Higos 30 and 33. 
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THE SPECIFIC VOLUME OF SUPERHEATED STEAM. 

— Schmidt's formula for the specific volume of superheated steam based on 
Him's experiments is as follows : — 

v= -593 lll±t^ in English units 
P 

or v= -00468 ?5^ in C.G.S. units 

P 

where k« specific volume in cub. ft. per lb., or, in cub. metres per kg. 
^= temperature in degree Fahr., or, in degrees Centigrade 

p = pressure in lbs. per sq. inch, or, in kgs. per sq. cm. 



CHAPTER XIII. 
STRENGTH OF ROTATING DISCS. 



Contents :^-Streiigth i>f Rfitatmg DiBCa— Isotropy of Material — Poisaoti'H Ratio — G^neml 
Pi'climiDary Equationa— Tliin Flat Discs— General Solution of Fonn of Free Surface^ 
Sinssa within ElII|HK)id9 — Solution aaauming Upifann StresH — Thin Flat Ellipsoid— Per- 
forated Discs— Stress in a Thin Ring— PorfomtioDs in Shroudings— Location of Frifccture, 

STRENGTH OF ROTATING DISCa-Up to the present, 
nmtheuiaticiaos have failed to giTe iis a perfectly satisfactory sohition of 
the problem of the rotating disc. 

The De Laval wheels, which have a form accurately developed according 
to one of the theories, certainly nux at the high speedy demanded of theni 
without failure, but it i^ uot absolutely certain wheth^T this is in spite of 
the theory, or because it happens to be somewhat near to the truth. 

It is especially desinible to obtain a solution that will admit of entirely 
rigid criticism, because, with a rotating disc, we can have an almtjst 
perfect example of a l)ody imdisturbed by the mrsapplication of variou^i 
external loads. For instJince, nearly, if not all, the bolts iu an ordinary 
engine or other structure are supposed to mid ergo certain dchnite stresses 
in them, but they mrely break by the application solely of the«e stresses. 
When they do break, it is undoubtedly due to agencies of a diHerent kind 
altogether, of the nature of which we are not as yet in possesaion of complete 
knowledge. 

Nevertheless, two important general facts may be elicited for the rotating 
disc : — the atreas at the centre of a solid disc is — within the limits of pi-aetical 
dimensions — greater than at tlie rim ; and the stress at the nave or boss of a 
bored disc is greater than that in a solid disc. 

For any treatment of the problem, some assumptions must necessarily 
be made* 

ISOTROPY OF MATERIAL— The first assumption is, that the 
material is isotropic. To secure an approximation to this imaginary con- 
dition, it is important that the metal shall have a very fine structure. A 
coarse structure, anch as is likely to be produced in nine cases out of ten 
by anneal hig, m not at all isotropic enough to satiisfy the surface conditions 
of the stress systems. Since it may he possible that comparatively small 
changes in the contour of the disc may greatly alter the atrcsscst it follows 
that a system of coarse heterogeneous crystalline grains cut through to give 
the required contour can only be kept in equilibrium by the introduction of 
local surface stresses and strains of unknown nvagnitudc, small perhaps in 
themselves, but which may nevertheless bo responsible for starting cracks. 

On the other hand, if efforta be directed to obtaining a very fine 
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Structure, so that these local stresses may become as small as possible, it is 
very difficult to eliminate local internal stresses, and these may be greater 
evik than the others. 

It would appear that the best compromise is to re-anneal quickly after 
the disc is finish-turned, taking care to avoid the formation of scale and a 
too vigorous after-polishing, if such should be necessary at all. 

Of course, such conditions as the above apply equally to other engineer- 
ing structures of everyday occurrence, but in the present case we are 
attempting to deal with a peculiarly delicate system of stresses of a special 
distribution, and it is therefore advisable to re-examine the datti. 

POISSON*S RATIO.— The next factor which involves a certain 
amount of assumption and faith is Poisson's ratio. 

The determination of this ratio has been the subject of an immense 
amount of controversy, and it is still doubtful whether the values which 
have been given for it are at all correct. 

St Venant proved that it could not exceed '5, and that this is its value 
for indiarubber, and perhaps for jelly. 

2/7 is a commonly accepted value for steel, although some authorities 
favour Wertheim's determination, -2686. 

For the high-tension steels, such as are generally used for highspeed 
discs, this lower value is probably the more correct. '2686 will therefore be 
used in the following calculations. 

GENERAL PRELIMINARY EQUATIONS.-The general 
aspect of the problem will perhaps be better realised by a comparative con- 
sideration of some of the theories that have been evolved, and the reader will 
then be better able to judge in which to place the greatest faith. 

There are two main conditions to satisfy : internal and surface conditions 
of stress and strain. 

For any solution to be correct both must be satisfied. It is nevertheless 
extremely difficult, if not impossible, to devise a manageable solution for 
arbitrary forms of disc or for given arrangements of stresses — as, for example, 
where the rim stresses are greater than the central stresses. 

On the other hand, it is not so difficidt to arrive at a more or less manageable 
formula to satisfy either a portion of the internal conditions or of the surface 
conditions separately, but we are liable to be led into an entirely erroneous idea 
of the value of the real stresses if the probable degree of error is not determin- 
able. It is unfortunate that the degree of error is not always determinable. 
There are in general four kinds of stress induced in a rotating disc : 

F or Tangential stress or Hoop tension ; 
P or Radial stress ; 
Z or Axial stress ; and 
S or Radial shear. 

Let Fig. 191 represent an elementary thread and elementary ring of the 
disc at a x^ius r. 

Let z be the thickness of the disc at radius r. 
„ « „^ radial displacement due to the stress. 
„ 17 „ Poisson's ratio (-2686). 

„ E „ Young's modulus for direct stress, lbs. per square foot. 
„ 01 ,, angular velocity. 
„ p „ density in lbs. per cubic foot. 
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Quantities in/sef, $eeondSy and pounds. 

Then the radial strain ^rr> = , 

the hoop strain ($$) = - 

the axial strain (22) = -r- 
dz 



tlie shear {n) 







or, wh^re therr in no tixiii) stivN**, 



Fn». 191. 






P »,F = K" 



,iiu 



lir 



F->;(P4-/) = P. 



(1) 

(2) 



K-nr = K- (2a) 

Z-,^V^V)^V:!f (3) 

'^'-"^^Ot) ■ ■ ■ w 

.lAuiJ^dihzh- -^Tr) ■ ■ ■ <5) 
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Further, considering the elementary thread of section drdz of a length 
rd$, we have, by resolving along the radius, 

(P + ^^^){(^ + dr)dOdz\ + ^dz.rdOdr + P^^^^^^^^^ ^ VrdOdrdz + {FdO)drdz 

Simplified, this is 

^.F + rf + ^ = .... (6) 
dr dz g 

or, neglecting shear, 

«P'-)-P + e!^=0 (6a) 

dr g 

Also, resolving axially, we have 

^S + P^^»'){(^ + dr)dedA + ^Z + ^^dr\rdedr = ^dOdz + ZrdOdr 
and this simplified is 

^(Sr)^^=o (7) 

dr ^ dz ^^ 

The above equations are body equations and must hold for any section 
of disc whatever, and it therefore remains to apply them to particular cases. 

From a similar point of view consider, as a whole, the elementary ring a h. 

In order to be able to do so we must assume that F is the same at every 
pert of the ring, and not imifoim along some curved zone only such as acb. 

Then, corresponding to (6a), and neglecting shear and axial stress, we have 

(p + ^^dr\Ur + dr){z + dz)de\ + *^^^^^^^^^ = YrzdS + {Yde)zdr 

that is, ^.F^ + e?!!?^ = .... (8) 

dr g 

This equation (a surface equation) has been given by several writers 
as the fundamental equation for the more or less arbitrary and complicated 
forms of disc — ^the De Laval type, for instance ; — and equation (6) or (6a) has 
not only been ignored altogether, but the possible presence of not insignificant 
shears have been neglected also. 

The latter may be justifiable in many cases, but certainly not the neglect 
of the former, which must hold true for every thread of the disc. Deductions 
made from (8) alone in the case of discs thickened in the middle are found 
to be at variance with those made from (6). 

Equation (8) is only applicable to a very thin flat disc, and may be 
radically wrong for any other form. 

THIN FLAT DISCS.— It is obvious that for a very thin flat disc z is 
negligible in (8), and with this condition only, (8) becomes identical with (6a). 

We now require to find u and -^ in terms of r in order to obtain particu- 

dr 

lar expressions for F and P. 

From (la) and (2a) 



and 



"=1 -><?-'?,) ■■■■('> 
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Putting the valnes of F and P from (9) and (10) in (6a) we h»Te 

dr* dr r ^E 

To integrate this, we have 





.^+;'w^^^_o 




*^t/r«+*^ dr +A»^-" 


'J? + „f(±.) + ^^'^ = constant - 2K 


This is 


dr 2 


•*• 


«r + '^g'^-Kr2 + K, 


or 


^.^.K-*^ . 


and 


rftt K, If 3Ar» 
dr r« 8 


I'e have now to eliminate the constants. 


When 


r = 0, «=0 



(11) 

(12) 



Therefore from (11) K^ = 

Further, by substituting the values of - and ^-^ from (11) and (12) in (10), 

Y ilT 

;uid bv |>uttiug r = 0, 

%htfu r '^ K« the mdius of the disc 



du, 






^^(l-i;)X3 + ,,)cu2pR2 
8>E 

;J-^(l -.»){(3 + 'j)R«-3(l+,)rn 
|ii»i(!» W«l (10) we have 



f« 



. . . (13) 

• • • (14) 
'«ious are sufficiently 
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The inaoouracy arises from neglecting the shears and axial stress, and from 
the fact thaty QTen when they are introduced, an exact solution, at and close to 
the rim, cannot be obtained, for we require that (for a free unloaded disc) the 
radial stress shall be zero all along the cylindrical outer surface. The 
expression for u does not, however, give this, the reason being that the stresses 
are not of cylindrical disposition. 

The following section will make this more evident. 



GENERAL SOLUTION OF A FORM OF FREE SURFACE 
TO SATISFY THE FUNDAMENTAL EQUATIONS. 

^The equations (1) (2) (3) (4) (5) (6) must all be satisfied by any exact 
solution for the form of sujrface. 

Let us now aagume tome convenient and recuonable form for the stresses. 
Many forms might be assumed which would quickly be shown to give 
impossible conditions. 

For instance, suppose we assume that the stress is a linear function of r, 
such as F s Aq + A^r. We shall find that it is not only impossible to satisfy 
the fundamental equations to even an approximate degree, but that we obtain 
manifestly absurd results — one of which is, that a disc of uniform thickness 
has P and F uniform at all points. 

An inspection of (13) and (14), which are practically accurate for the flat 
form, shows that the main contributor to the stresses is probably some 
function of the square of the radius. 
Assume therefore that — 

Radial stress, P = A^ + A^^-a + A^z^ .... (15) 

Hoop stress, F « B^ + B^r^ + B2Z2 .... (16) 

Axial stress, Z = C^ + Cir« + C^z^ .... (17) 

Radial shear, S»2Lr2 .... (18) 

where A^ B^ Cq, L, etc. are constants. 

By a rather lengthy algebraical process, the following relations may be 
established between the constants : 

Ao-B. (19) 

Aj-B, (20) 

2L--C, (21) 

"» *»3T2^ **3T2^ y(l-,)(3 + 2,) • • ^^■'' 

^>- ^»3T2^ '''3T2, y(r-,)(3+2^) • • ^^^> 

C -A ® + ^'' + A. 2^ +'^' (l+i?)(3-2v) .„,. 

^»^'3T2^^^3T2^^T (l-i;)(3 + 2,) ' " ^^*' 
Cq only remains indeterminate from the preceding equations, and up to 
this point body conditions alone have been taken into account. 

A consideration of the conditions that must obtain at the surface of the 
disc will enable Cg to be found. 

* The author is indebted to Professor Fitzgerald for much of the following matter relating 
to eUiptoids. En^gifnur, May 13, 1904. 
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At the surface all the three transverse stresses must vanish, or else they 
must be in mutual equilibrium. This may be shown as follows : 

Let ABC represent an elementary thread at the surface, Fig. 192. 
Let N be the stress normal to the surface, 
„ T „ „ shear along the surface, 
„ <^ „ „ angle N makes with the axis. 
Then 

N = (P sin <f>) sin <^ + (Z cos <^) cos <^ + (S sin ^) cos ^ 

+ (S cos ^) sin ^ = 
T = (S sin ^) sin ^ - (S cos ^) cos ^ + (P sin ^) cos <^ 

- (Z cos ^) sin ^ = 
that is, 

N = Psin V + Zcos2|^ + 2S8in^co8^ = . . (25) 
T = S (sin 2^ - cos V) + (P - Z) sin ^cos^ = (26) 

By eliminating <f> we have 

(PZ-S2) {(P-Z)2 + 4S2}=0 . . . (27) 

Therefore either (PZ - Z^) or {(P - Z)2 + 4S2} must = 0. 

Firstly : 

If PZ -S2 = 0, then from (25) and (26) 

tan^=-| or -| . . . (28) 
Secondly : 

If (P - Z)2 + 4S2 = 0, then (P - Z) and S must = 0, that is, P = Z. 
But if P = Z, then by (25) P = 0. 

Thus P = Z = S = (29) 

Therefore at the free surface either the stresses must be in equilibrium 
according to (28) or they must vanish. 

But tan <^ = - — 

dr 

Therefore f=? = ^ (30) 

¥ S dr 

And from (15), (17), (18) we have 

dz ^ 2Lrz _ Co + C^r^ + Cg^ 

dr Aq + Ajr^ + A^^ ~ 2Lr2 

Taking the second expression and putting 

2L= -C2 by (21), we have 
2Corrfr + 2C^r^dr + C^d{rh^) = 
By integration we get 

C, + ^r' + C^^ = a .... (31) 

Similarly, the first expression gives 

Ao + Air« + ^>^^-^** = |8 .... (32) 
where a and ft are constants. 
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For all possible values of 7, the coefBcients of r^ and 2^ are of the same 
sign. The form of a body that satisfies all the required conditions and has 
the assumed form for the stresses is therefore an ellipsoid of revolution. 

By assigning various conditions to the constants, these two equations may 
be made to represent the same figure. 

The relation that exists between the constants in (31) and (32) may be 
found as follows : — 

Equation (31) corresponds to the ordinary equation of the ellipse. 

Cj is therefore proportional to the major axis squared, that is, R^ = mC^- 

By (15) we have 

P = A<^ + Air2 + A222 

put 2 = 0, then r^^B.^^mC^ and P = at R. 
Therefore = A^, + mAjC, 

or A^= --mAjC.2 




Fio. 192. 




Again, in (32) putr=0; then z^ = m-^ and we have 



AiAa 



= 



whence 



-. A f! 4- ^1^2 . 2l] 



(33) 



We are now in a position to calculate the stresses in any given ellipsoid. 

A particularly interesting case arises when we make the axial stress and 
radial shear zero. Applying the expressions for A^, Ag, etc., the ellipsoid will 
be found to have axes of the ratio 



v/^ 



I = 1-268:1 (Fig. 193) 



when 17 = 2/7, the maior axis being the axis of revolution. 
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The stresses in any part of thi$ ellipsoid are given by 

F==A,-^'j(l+3i,)r^vi5iL±5^^ . . (35) 

z=o 
s=o 

Since P is = anywhere on this sorfaoe, A« is found by patting z=0 
and r B R. 

Now suppose a thin slice A B out of the middle be taken. Since Z and S 
are lx>th zero, this slice may be considered to be rotating quite independently 
of the remainder of the ellipsoid. 

The expressions (34) and (35) wiU therefore apply equally to this thin 
slice as to any other part of the ellipsoid. 

Now nhittfrre thai, neglect intj z, (34) Ofuf (35) are identical with (14) nnd (13) 
respertivelt/y and have been obtained by a different treatment altogether. 

For a very thin slice the terms in z are exceedingly small — only a few 
jxiunds [yer square inch compared with tons for the terms in r — and for a thick 
diH<; tlicy will l>c found to be quite small enough to be negligible in practice. 

Further, for a very thin disc the curvature of the outside edge due to the 
elliptic form is to all practical purposes infinite, that is, straight Neverthe- 
IcHH it is cur\'e<l a little, and since P«0 on the surface, it follows that P 
catiiKit be exactly all along the edge of a square trimmed disc without 
introducing a local disturbance in the arrangement of stresses, and for which 
no dilution has yet been obtauied. It will now be recognised that the error 
is, however, very small indeed, and, in fact, is not worth troubling about. 

In a consideration such as the above, it will not do to take a slice anywhere 
out of tlic ellipsoid, as at (' D. Since P is not the same at the same radius 
on either side of the slire, it follows that, when rotating, a flat slice becomes 
curved, and rice rf^'m. In the middle the stress distribution is symmetrical. 

For tiie above reason, arbitrary forms cannot be built up by imagining 
a series of slices taken from different parts of the ellipsoid and welded 
lv>^othor in a solid mass. 

Vlthtuijjh, iiowevcr, wo cannot, strictly speaking, do this, it suggests very 
fvuviblv that whatever 1)0 the form of the disc, the stresses at the centre are 
.«»r.///.s ./;••»((/#•?• than at the riw, except perhaps in the outer skin. 

STRESSES WITHIN ELLIPSOIDS.— To revert to the con- 
••.uUuii ic»n of stresses within ellipsoids in general. We may next inquire 
what lUi' stivsses are for tiiin disc-like ellipsoids such as Fig. 194. 
Tho i^vnoml procedure is as follows : — 
\\\ ^;iM iho equation to the ellipse is 

Co + §7-2 + 0^2 = 

Kruui the ijixcn dimensions of the ellipse 

2C2^R2 

Co 



Thus ~- is known. 



-' ^\ 



-2A^C5-2CV+ ' 



STRENGTH OF ROTATING DISCS. 



197 



In this equation state Cg in terms of C^. Then from (23) and (24) and 
he above equation find Aj and A^ in the usual way. 

The values of the other constants immediately follow, and from thence 
;he stresses. 

An example (see page 199) will best illustrate these calculations. 

SOLUTION ASSUMING UNIFORM STRESS.— The follow- 
ng analysis has been given by several writers, but it is open to grSLve 
suspicion. Shears and axial stress are neglected, but, worse still, the body 
equation (6) cannot be satisfied. 

However, it is reproduced here to show more particularly to what it leads. 





Fig. 194. 



Fig. 196. 



We have the surface equation 

dr (J 

By integrating this equation and putting F = P = a constant we obtain 

Plog-= -^^ 
Zq 2(7 



(8) 



Z = Z(x 



rhere Zq is the thickness at the centre. 






(36) 



To apply this formula, first determine the rim thickness Zr suitable fc 
he vanes and centrifugal load therefrom. Then find Zq from (36) and th 
alues of z for various values of r. The general form is as in Fig. 195. Sc 
izample on page 202. 
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KxampUi : — ^The foregoing oonsidenliioiiB will now be reoapitukted by a 
series of examples, in which eerUin oonyenient dimensions aie seketed m 
order that a diract comparison may be passible between the enrnples. 

The main function of the disc is to cany the vanea. The rim thiekiMi 
is therefore first to be determined from that local oonditioii, that iSi from 
the weight of the Tsnes per unit length of periphery and the angular ¥eloffl^. 

In the case of a flat disc the stress at the edge due to this estond 
centrifugal load is supcrposable by simple addition on to the bUummoj 
rotation in tiie disc itself. 

Thus if p be the radial stress at aa (Ilg. 196) doe to 
the vanes, then the stresses anywhere in the disc aie 

and F+p-Fj 

This is not quite so true of other forms of dhc, 
although for the usual flattish sections it is near enou^^ 
for practical purposes so long as it can be conceded that 
P and F are not far wrong, that is, that tiiey do not vaiy 
in some entirely contrary manner. 

Flat Disc.— Let the thickness of the disc be *0235 feet 
thick (this thickness was originally taken from one of the 
subsequent examples). 



777 

f 



^ 
i 



W 



Fig. 196. 



(1) Let the radial traction be 



Let 

In (14) put 
Thus 

and 
Therefore 

Also 
Therefore 



P - 



P = 
R = 



I'2xl0«lb6.per8q. foot 

(3*72 tons per sq. inch) 
1000 per second 
500 lbs. per cubic foot 
•2686 
1 foot 

r = R, then P = 0. 



== 6-345 X W lbs. per sq. ft. 
Pi,c«^, = (6-345 + 1-2)10« 

-7-545 X 10« Iba. per sq. ft 

F«„, = A,-^'(l+3,)r« 
F.,.„.= 7-545 X 10« - 5^^^(1-8058) 



• Krim) - 



= 4-039 X 10« lbs. per sq. ft. 



' Koe&tn) 



= Pi 



(centn 



Calculating other values at various radii, the stresses as shown in Fig. 198 
by the lines 1, 2 are obtained. 



.. -p 
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(2) Now take a little thicker disc, -0528 feet thick, having an external 
ial traction of 

P or Pijri,^ = 048 X 10« lbs. per sq. ft. 

The only difference between the stresses here and in the previous example 
in the superposed traction. 

The stress curves 3, 4, Fig. 198, are therefore parallel to 
., 2 respectively. 

(3) Thin r lat Ellipsoid. — Take an ellipsoid where the 
major axis of the ellipse is such that the minor axis 
-0528 feet thick, and the thickness at R=l is '0235 feet, 
these two dimensions corresponding to those of the thick and 
thin flat disc respectively. 

We should expect the stresses in this ellipsoid (or, indeed, 
in any other figure that is nowhere thinner than -0235) 
to lie between those of the two flat discs if we have the 
same external tractions. 

We may suppose, without introducing any great error, that — r^ 
the ellipsoid is complete, i.e. that its diameter is somewhat j |^ 
greater than 2R, and that the radial stress at the section -osta' 
R=l is the same as an externally applied radial traction to ^^®- ^^^ 
the ellipsoid cut down to that diameter, as in Fig. 197. 

To find the major axis, we have in the general equation to an ellipse 

6=-0264, 62--000697, a;=l, y = -01175 

Hence a«= 1-246 

and a -M16 

We now proceed to find the constants for the stress functions. 
The equation to the ellipse is also 

2Co + Cir2 + 2C22« = 

Cj (-0264)2 -000697 

or ^-895 

We have 

* ^3 + 2i; ^23 + 217 g (1-^)(3 + 2t;)' 

r= A ^-^^^i A ^^ ,pco2 (l+>y)(3 + 2,y ) 
,2 '^*3 + 2^^'^3 + 2r;"^ (J (l-77)(3 + 2,7)- 

/ Ci «- 2-544A, - •925A2 - 19-65 X 10« 
t Ca« 2-87 Ai +-152A2+ 18-72 x 10^ 

by subtraction, C^ - Cg 

-894Ci = 5-414Ai + l-077A2 + 38-37x106 

Also 2AiC2 + 2C2*-A2C\ = 

I79OA1 + I6O2O5OC1 - Aa = 
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UmAt III br rV«, tivn 



aM 



«10A^ + 1930A. + «!»T60 x 10^= - 17S0A- + A. 
llAj -l-d3Aj= - fe-T6 X 10» 

Diride la bj ILi, iheo 

1 ~2-»l4A^~^25A^~19^5xl()i» 

2277-8 A,+828 A, = -175WxlO» . 
Xow nfAre A^ and A, from (T) and (VI> 
ThiM A,« -7-875x1(1^ 

and A,= -4-87xlO» 

3 



<V) 



(TI) 




2 3, 4 5 • 

X fO' Lfrs per sf. foot. 
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From (15), A<,- - AiO« = 4-87 x 10« x 1246 

- 6-07 X 10« lbs. per sq. ft. 



by(22)B, = A,5;4j" 



A^ 



pco* 



2., 



3 + 2i, ^ (l-i,)(3 + 2ij) 



By (IVa), 



B, = 131 A, - •I52A2 - 3-23 X 10« 
- - 2-67 X 10« 

B« = A« = 607xlO« 
Bj = A,= -7-876xlO» 

Cj-5440 

Cj = 895Ci = 4-87xlO« 



(VII) 
(Vila) 



(Cj will always be found to be practically the same as - A,) 



-^2, 



- 2-435 xlO« 



From (17), 



Co^-C^fe^ 



- 3-39 X 10«= - 3393 lbs. per sq. ft. 
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All the constants have now been found, and we may proceed to find the 

P Atr=l: 

P = A^ + A,r* - small quantity varying with z 
= 6-07 xlO«- 4-87 xW 
= 1-20 xlO« lbs. persq. ft. 

Atr=:-5: 

P = 4-85xl0«lb8. persq. ft. 

At the centre : 

P = A^ - small quantity varying with z 
= 607xlO« 

F Atr=M16 = a: 

F = Bp + B^r^ - small quantity varying with z 
= 6-07 X 10« - 2-67 X 1-246 x 10« 
= 2-74 X 10« 

Atr=l: 

F = 3-4xl0« 

Atr=-5: 

F = 5'46xl0« 

At centre : 

F = P=:6-07xlO« 

Z Atr=l: 

Z^Co + Cir^ + CjZ^ 
= - 3393 + 5440 + 4-87 x 10« x -011752 
«2717 lbs. persq. ft. 
= 18*8 lbs. per sq. inch 

At centre, and middle plane : 

Z= -3393 
a 3393 lbs. per sq. ft. compression 

S Atr=:l: 

8,^^ = 4-87 xlO«x -01175 
= 397 lbs. per sq. inch 

Thus in thin ellipsoids Z and S are quite negligible, and the terms in z are 
also always very small. 

The values of P and F are set out in Fig. 198 by the lines 5 and 6. 

As before assumed, we may, without materially affecting these stresses 
turn the disc down to 1 foot radius and replace P,r-i) by an equal externa 
traction load, and we thus have a case to compare directly with the flat dist 
with the 1 '2 X 10* lbs. per sq. ft. radial action. 



r5i Tx2:iT :• n-- -team turbine. 

T "o-if i^ r:l.rR-.i'.: z^"—^ iz. iii-i] :L:oknes- of •2595 feet and a 
.' •= 1 T-i- ^o^e L- >:: r= • -:■' « *L -^s^ in Fi^. 199. 
r = . • • -*. L.1' : --Lfz r": -r-^?-.'? -^ . rk : u: :■:■ the values plotted in 



•^scs :£ 



^•^ f- - .■ :■ rriLili 3*5 ■. 



-_ii: •_:« "H-'ji-i-t;* :ir " ■- -: rtr:: is >^::re, and the aiial thicknea 



L-T? r Tts»:' 



•4 iF 



>: * : "^ 



? = J = ."«*^ • ly i' 






• » 



n 



i-L 




X r* Lts'per sq foot. 



: •• v^ -i: rf Sir::: 



:a:. . ■• ■-. :>.:iid. For eiample 






V v«a<> A-*^* .::ri«r. :v. Fig. *201. 
^ ...vx, ..;c stress o^qual to l'2xlO^ which is 
'' . . '.v^^o,. :r.,s: is, ::nhe ellijis^'id having the 
X :. :\» v'.i > . Then 









4iicknes& 
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For a rim stre« of -046 x 10*, as iu the other examples, the result is still 
more absurd. 

This amounts to saying (according to (36)) that it is impossible for a disc 
of this shape to have as low a stress as even 1-2 x 10* — for the given condi- 
tions. Therefore if, bj adding the metal of case 6 to that of case 5, we cannot 



f0233' 




i ^ 4 5 6 

X 10* Lb9.p%r 9q. foot 

Fio. 201. 

reduce the stress to some such distribution as in Fig. 198 (observing that, 
with the exception of a very small part near the rim, the form (6) lies 
wholly outside the small ellipsoid), still less can we entirely reverse the order 
of the stresses to some such line as A: A:, Fig. 201. 

By the adoption of this concavo-convex form it has been frequently asserted 
that the stress distribution is as A: A:. 




-asae' 



4 5 £a'a 7 g a 
XIO^ lbs. p^r sq. ^ot 
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Whatever be the particular form of a concavo-convex disc, it must, after 
all, coincide very nearly, if not exactly, with the form required for some 
particular value of a uniform stress according to formula (36) — at any rate, 
for forms as actually made. 

Further, consider the cases of the two flat discs, the thin ellipsoid an'' 
the thin concavo-convex disc. 

We have the following result. Fig. 202 : — 
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Tho radial stress for the thick disc A BCD is 6a. Bj cnlliiig off netal 
B K tho radial stress in the ellipsoid A E F D is ed^ and bj cnttiiig off itiD 
mon) metal K G, leaving the thin flat disc 6 £ F H, the bIhjm k fig. 

This is reasonable, and so far consistent. 

Now add metal L G to the thin disc. The stress riKS to Is, insteid d 
lH>in^, as commonHsense would dictate, somewhere between a and t ! 

Formula (36) thus leads to an absurd state <rf things, whidi disoounte ils 
application to the lower stress (3-235 x 10^), which bj iteelf might appetr not 
unnHisoimblo. 

Tho genoral conclusion therefore is that, as we know the eUipsoid lod 
flat disc strossos cannot be very far in error, the treatment kA the oooaTo- 
convcz forms is entirely wrong ; and, as stated before, nnxt probablj it is 
not (XNiKiblo for tho stresses all along Uie central zones to be either equal or 
loss than those at tho rim. The metal in the bulging sides of discs that 
protend to this feature probably plays little or no part in modi^ing the 
strossos in tho central plane. 

From A consideration of the thick ellipsoid having zero shear and axial 
stress, it api)OArs possible tliat a bulging concavo-convex disc may have low 
surfiu70 Htrosses ut and around the axis, but not in the interior of the disc 

Further, from the comparative examples given it has been seen that the 
stresses in the central planes of any of the ellipsoids do not vary very greatly 
from those of the Hat discs ; and it seems reasonable to conclude that, what- 
ever be tho form of tho disc, the stresses in and about the central plane do 
not differ greatly from those of a flat disc running at the same speed. 

PERFORATED DISCS.-— There are no methods that possess much 
reliability for tho treatment of arbitrary discs with a hole in the middle. 
Witli tho disc a slack fit on the shaft, P must be zero on the surface of the 
bore, and must tlieroforo be zero throughout, or rise to a maximum at some 
interior zone, becoming zero again at the outer rim — or equal to an external 
traction. But in many cases the disc would be forced or shrunk on to the 
shaft, thus adding to tho hoop tension, and adding a negative traction to P. 

Tlie case of tho perforated thin flat disc may be solved very approii- 
niately as follows : — 

Let /-J bo the radius of the hole. 

Wo have the conditions that when 

r^r^, P = 
and when r = R, P = 

In (10) put P = and r = R and r^ in simultaneous equations. Then 

by substituting the values of - and -? from (11) and (12) we find that 

T dv 

K = ""V (i+1)(i+3)r2,. 2 
and K = '^JL^ il±3KL:j)(R» + ^.,2) 
whonoo F=^'^{(3 + ,)(R* + V + ^/)-(l+3,,Kf . . . (37) 
Hud ^ = -J>|(3 + v)(Il* + V-5JL^,.)| .... (38) 
K...»v i^ ou tlio surface of the hole. 
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Suppose the hole is yerj small — a mere pinhole; then we may put 
Hence Fo=:^(3 + i;)R2 (39) 

Fq is therefore twice that for the solid disc. 

We thus see that a small flaw in the centre of a solid disc may seriously 
affect the magnitude of the stresses. 

Example : — FkU perforcUed disc. 

Let CD = 1000 per second 

p = 500 lbs. per cubic foot 
i;=:-2686 
R=l foot 
r, = -2 foot 




4 5 6 7 e s 
X 10^ Lbs per sq.tt. 

Fio. 208. 
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Then applying formulae (37) and (38) we have 

F. At r = R , F = 10-34 x 10» lbs. per sq. ft. 

Atr = -7,F= 8-84 

Atr=-6,F= 8-55 

Atr=-5,F= 8-47 

Atr=-3,F= 9-69 

Atr='2,F=1307 
P. Atr = R,P = 

At r= -7 , P = 2-98 x 10« lbs. per sq. ft. 

Atr=-5,P = 400 „ 

Atr=-3,P = 3*23 „ „ 

Atr=-2,P = 

These stresses are plotted in Fig. 203. 

For arbitrary sections of discs, including thin ellipsoids, with a hole in the 
niddle, we must still have the same conditions for P. 

From the comparative examples given of solid discs, it may therefore be 
nferred that for all practical purposes we may refer, for the approximate 
itresses in any perforated flattish disc of arbitrary form, to those obtaining 
irithin a flat disc itself, working under similar conditions. 

For thick perforated discs of the De Laval shape, the exact solution appears 
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to be indeterminate, but we may be fairly certain that the general trend of 
the maximum stresses is not greatly different from those of the flat aod 
ellipsoidal discs. 

Theories for thick sections (both solid and perforated) have been advanced 
that are based on mean dresses. The results from such, however, must be 
considered delusive, and, unless it be borne in mind that the maximum stresseB 
may be twice the mean stresses, they may lead to great danger. 

In any case, the salient feature is that the hoop stresses around the hole 
are much greater than in the solid disc 

For discs running at extreme velocities it is highly desirable, on account 
of the uncertain factors present, to make the disc solid, and to secure the shaft 
to it by a flange, with bolts as far from the centre as possible. 

The bosses of perforated discs should never have stud holes, etc. in them 
if these can possibly be avoided. There is sometimes a temptation to put a 
nimilKjr of holes in the boss for forcing-off purposes. Any removal of metal 

that may be required for balancing the 
disc should be ooade near the rim ; and, 
although it is often done, it is not desirable 
to drill holes through the disc at ail. If 
the disc is not sufficiently true for the 
adjustment to be made by interbalancing 
Fm. 204. several discs, or by scraping a little off the 

surface, it is only worth condemning. 
STRESS IN A THIN RING.— The solution of this case proceeds 
immediately from the general body equation (6) : 

dr dz g 

Since the ring is thin, P = 0. With a thick ring S and Z are very small, 
80 that with a thin ring S and Z are = 0. 

Therefore Y = f'— or '^l^ (40) 

9 9 

This formula is suitable for overhanging rims and shroudings, and for 
drums such as are used in the Parsons turbine. 

It must not be used (because of its simplicity) for a disc, as it conveys 
no information whatever of the stresses therein. 

PERFORATIONS IN SHROUDINGS give rise to a bending 
niouiont and shear at the sections A B and C D, Fig. 204, on account of the 
centrifugal effect of the mass A B C D. 

In general, the shear is small, and only amounts to about 200 to 400 lbs. 
per square inch. 

LOCATION OF FRACTURE.— Having in view the highly prob- 
able v.vnditioa, that whatever be the form of the disc — the form being regular 
'.ho coutre stivsses are higher than the peripheral stresses, the question 
^ ..xc* v^J^oi !»«>»' ^^^*^ ^** ^^y ^^7 ^^ ensuring that the wheel shall break near 
i^- \:u iuxicrtsl V*'* *^^ ^^^ ^^^^ "^ case of undue racing. For the consequences 
. * »^y ,» Ss> sorv Si»riou8 when the whole wheel flies to pieces, but not so 
' '. . ,^^vv* >< '^-^^^ ^^^ breaks off. 

*.^j^^uv iwki'Uiv has apparently been obtained with the De Laval 
'.7v -^ ic'Vfcti ^h^^ Ui*c just under the rim which carries the vanes. 



or B0TAr3.» icict 21'- 

In aooie deagns a miui of hcim kaiv beeoL rriUdii kl zut wtj ^.iirui. 
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, K a factor of mfecj of 4 be aZjw-scL :i* •r^*-Liu,r «c«w?t .r v^ » ,_^ ^ 
^^ the normal q»ed, but the rieii z«xi2 w'^ x.i • 'it ».-. k-vj-.- . t -. u**«. v^ 
'»<^xnal speed. 

It is stated that the factor m the De LarL v-itfisu* it wr^-.' Z, 

Disos that are r e< |uir Bd to rocase a;: *r:rKa*t T*-j-^.--rt« ♦j-j-.»-..i- vr, •>► 

^•de of rolled pfaue. AO PoGed peases — k^-I i^^ --.r — :ai* t K-.-^t* , 
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^Ve the least trace of being -ptpwL* F.r !.••!» r::'u-„-j;/ t: y^ry^x, 

^lodties not exceeding about 50>J f«ec per ii-j. v-^ -.i* -j** > r^,.^ ^.^vt i 

^^^iasible. 
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GENERAL CONSIDERATIONS -The turbme has not hiti 
succeeded in yielding the mme dej^ee of economy at light loads m the best 
reciprocating engine. 

The economy of the reciprocating engine when governed bj simple 
throttling is superior to that of the turbine^ and the same appears to hold 
true when either machine is governed by special cut-off derices. There have 
been apparent exceptions, and although the turbine ls beuig continually 
improved, the above is a generally correct statement on present information. 

One reason for tins Ilea in the relative effects of initial and, stibsequentty, 
surface condensation. 

It appears to be established by numerous tests that under normal loads 
the turbine does not benefit quite so much for a given superheat, particularly 
with high degrees, as the reciprocating engine does. See Fig, 232, 

As the turbine improves in its development thb statement may become 
reversed, and we may be able to say that the rcciprocatitig engine behaves 
itself worse than the turbine at normal load under similar couditionji, and 
only approaches the turbine's economy wben the superheat is pressed to a 
very high degree. In general, however, this is not so as j'et. 

It therefore follows that if, by tlirottling, a high degree of superheat ig 
obtained, the turbine will benefit le^ than the reciprocating engme for the 
same amount of throttling. 

There is yet another difference in favour of the reciproctitiiig engine. The 
turbine vanes are less capable of dealing with the alteration in head than the 
engine, beca^ise the vane velocity has to remain practically constant. 

In the case of the simple turbine the diagram efficiency itself falla (see 
Fig. 131), and in the case of the compound turbine a nuu^ber of stages are 
thrown out of use, so that the total efficiency is correspondingly reduced. 

On the other hand, the Uirbine has an advantage over the engine in that 
the resistances dec revise with the pre^^ure to a very much greater extent 
The turbine is^ nevertheless, still inferior when the balance is made up. 

The variation of partial opening or 'cut-ofF' method of oontrolling the 

SOS 
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^Pplj to impulse turbines has a material advantage under certain conditions, 
^ut under others is no better than throttling. 

SUPERHEAT BY THROTTLING. -If no heat be lost during 

^'^e process of throttling, and if the total contents of the steam be unaltered 

(for instance, if no water is artificially thrown out during throttling from 

'QitiaUj wet steam), the initial total heat head H remains inialtered. But the 

^^ailable head is in fact very little different from that available from ordinary 

^^^hm at the throttled-down pressure. 

For example, suppose the steam to be throttled down from 160 lbs. dry 
fK ^^^^ ^^ ^^* ^^^ ^^^ ^^^ exhaust or back pressure be 2 lbs. absolute. If 
^^ steam is normally dry, the maximum superheat attainable by throttling 
^^i^ amount wiU be 62* F. 
* Then we have — 

^ Mailable head from 160 to 2 lbs. = 285-2 B.T.U. ; 

„ „ „ 30 to 2 lbs., the total heat of the 30 lbs. steam \mng 

equal to that of the 160 lbs. steam = 1854 B.T.U. ; 
^^d the available head (if the 30 lbs. steam is only just dry) =177 B.T.U. 
^ The extra heat available by 
^l^e superheat of throttling is 
^l^erefore only 8*4 B.T.U., or 47 
l^r cent. 

Against this we have a nozzle 
Of nozzles suitable for expanding 
from 160 to 2 lbs. working with 
Only 30 lbs., and the loss of nozzle 
efficiency is undoubtedly greater 
than 4*7 per cent So that, when 
throttling problems are. being 
oonsidered, the beneficial effect, 
so far as available bead goes, of 
any superheating or drying that 
takes place may be ignored. 

The above must not be con- 
fused with a comparison of per- 
formance with and without a 
substantial degree of superheat 
under normal conditions for 
which the nozzles are designed. 
CURVE OF TOTAL 
STEAM CONSUMP- 
TION. — The curve given by 
the corresponding loads and total 

steam consumption as abscissae and ordinates respectively is commonly known 
as the Willans line (made familiar by the late Peter Willans). It has the 
peculiarity of being very nearly a straight line both for turbines and recipro- 
cating engines when governed in any way, and especially by throttling. 

There is sometimes a tendency for the curve to become less steep as it 
approaches the no-load conditions, but, as a rule, the line is practically 
straight. For the present discussion it will be assumed to bo quite straight. 

Fig. 205 is a typical diagram in which the line A B represents the totp' 
consumption of steaan from no-load to full-load. 

If the total consumption be divided by the load, the conp 
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At no-load Q'rj'R'c = Z' + Z, 

Z* is practically constant over a considerable range in the vicinity of no- 
load, and it may therefore be found by assuming an initial pressure at about 
the expected no-load pressure. 

Z, is constant, and is usually about 3 per cent, of the brake horse-power. 

For a given turbine we thus know the ratio 

Z+Z^ 
W-hZ-i-Zi 

and we therefore know the value of the product Q'rfK, Q' and R' are, how- 
ever, interdependent ; rf is also dependent on the velocity head. To obtain 
the particular pressure at which their product is that required, select two or 
three pressures in the vicinity of the no-load pressure, and construct a curve 
of pressure and Q'VR'i froni which the required spot may be located. Q' 
ia tiius obtained and the problem solved. 

Simple Impulse Turbine. — In this, as in other cases, Z' is different 
from Z. It would be the same here if the back pressure remained constant. 
But^ unless the condenser be overwhelmingly large, the vacuum improves 
as tJie quantity of steam passing decreases. Generally the improvement is 
from 1 to 1^ inches between full- and no-load, and Z and Z' will accordingly 
be different. In the following examples we shall assume that the vacuum is 
1 inch better at no-load than at full-load. 

Example, — Take the standard De Laval wheel for 300 H.P., but at a 
speed corresponding to maximum diagram efficiency, when the vane losses are 
20 per cent, {v^ = 'Sv^). 

Let ?! be 160 lbs. absolute, 

Pb » 2 „ „ at full-load, 
and p\ „ 1 J „ „ at and about no-load. 

Then ^^ = 3792 and ?;i = 3560 at 94 per cent, nozzle efficiency. Hence 
i?=1815. 

The mean diameter is 30 inches and the length of vanes 1^ inches. 

Then (by Chapter XL) the disc and vane friction horse-power at full-load 
= 30-8 = Z. 



At no-load Z' = 23*5 




Z, = -03W = 9 


Therefore 


W + Z-hZi = 300-h30-8-h9 




= 339-8 


and 


Z'-fZi = 23-5 + 9 




= 32-5 




Z'-hZj _32-5_.^ci5A 
W + Z-hZi 339-8 




Q17R = 7800 X -856 X 1 1 -26 = 75250 


and 


•0958x75250 = 7210 
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Al f!^ lift, mxaai. jiHHiun : 

Oel ^ycMiirarczi;? 21^ CT7i» 5riil i&afr ibjdk laJhiB 5e ii iMod tlui the 

ThAt a, if XB Hz. 5«>= L OF^lfe 

A tiuftilAr rkz'vi will r&snh if Uke rmnt kmo *re srasct iJbdui ^ per cent 
tu^i th« ^MOit ^ipttyid f^MUftwhMt kw tlttn -51. xke imlae kav CAken. The ntk) 
will ukJ*nXlu:\i9m lend lo dnmafle vitli the ipeecL oa account ol the reduced 
diMC Arid Vikbit frurti/jn. 

At tb^ lie lAval ffpeed r=137? 

Compound Turbines. — ^Type 2 is the simpleBt of the oompoond 
ty\fi^, Supf/jftin^j the Vmcketei to be perfectlj *open," this tvpe fares 
l^eftt -At M\y raU:, thc-oreticallv — under throttling. The diagrun efficiencT 
]j(%M^in throutrh rnAxifiniuj and mininiuin v&laes as the pressure decreases. 
TIjw will \tt: ohvioti.H from the analysis given in Chapter VI II. 

The conAiirxiption line will likewise tend to be wavy although its general 
inclination in uiiiforni, and at no-Ujad the coosumptioD may be great or small 
accfjnlingly an it liap{x;rw that the dijic and other resLstances are of certain 
critical valuer or not. 

With • r\fMef\ ' bucketH the action Is considerably modified, and the nett 

f,rf>oicncy sutfers a regular de^rradation on account of the increased pumping 

ui^;»:'« of the latter wheel vane« as they arc successively thrown out of active use. 

Vs. hi^'wever. a turbine of more than three stages is of no commercial use, 

ui ;\y*;.v.rrte would convey little information of interest. The two-stage 

c^»%;i.,» s^' .-tx hided in type 3. 

^>|{^ ^ The only difference between an example of this type and one 
..*w4-i.-^«4^ v^">*£ >^niple turbine lies in the estimation of the diagram efficiency. 
N -K ♦«'W!^;rc decreases, the latter stages are rendered inactive; and 
.kw I'i 'ivtv !S -xv^sssirily a small dnjp of pressure through them in order 
.J^ ,.»**» V •*»». the back pressure, to all intents and purposes, extends 
,^ >Kv^»«c. ,T ihird stage, as the case may be. 
^^ *H«.\i :a!< oase of, say, a 500 horse-power unit. 

's^. H^^QUirv stages, with two velocity stages in each. 

. w <s* uiQiUie^ diameter of wheels 3 feet 6 inches, initial 

w .^ ^w^ iK &Uowmg data and results m tabular form : 
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Stage 


I. 


II. 


III. 


IV. 


Ratio of lowers .... 


1 


1 


1 


1 


Mean penpheni velocity . 

Actual nozzle velocity (•04x1892) . 


878 


878 


878 


878 


1778 


1778 


1778 


1778 


PieflBores 


160 .. . 66 


66 ... 28 


28 ... 74 


74 ... 2 


Density in coU .... 


•1628 


0672 


•0198 


•00678 


Length of vanes (average) 


r 


r 


r 


8" 


Diac constant 


4-86x10-7 


4^66xl0-7 


5-22x10-7 


6 X 10-7 


Vane constant 


•0876 


•0986 


•106 


•121 


7* 


18*9 








•» 


9^2xl0« 








Partial admission .... 


k 


i 


4 


•62 


Disc + vane firiction H.P. (Z) . 


18 


6-6 


2 


1 






274 




Diagram efficiency . . * * 1 '^^^ 


•766 1 ^766 


•765 



Also at 20 lbs. pressure, which is in the vicinity of the no-load pressure, 
we have : — 



Stage 


I. 


II. 


III. 


IV. 


Pressure 

Disc + vane friction H.P. (Z') 


20 . . . 8J 
2-7 


8i . . . 8 
2 


8. .14 
•4 


14 
1 




6-1 



The drop of pressure in each stage is greater than the critical drop. 
The quantity of steam that can pass is therefore dependent on the neck 
areas and initial pressures. 

At fuU-load Q = 7800, R= ir26. 

The total efficiency of the four stages may be represented by 

17 = 4 X -765 = 3^06 

Therefore, Qi7Rc = 7800 x 3-06 x 11 •26c = 269300c 

= W + Z + Zi 

As before, put Zj = ^03 x W = 15. 

Then, 269300c = 500 + 27^5 + 15 = 542-5 

At no-load QVRV must equal Z' + Z^ = 6^1 + 15 = 21 1 

^i^x 269300c = 10470c 
542-5 

At 15 lbs. pressure, the total velocity head is 2860, yielding 1 
(or ^1 = 1778) for the 1st stage (assuming pv = constant), 1900 for tt» 
stage, and nothing for the 3rd and 4th stages, since 1900 is practica 
same as 1892. 
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The total efficiency -q is therefore 2x-76*5 = r53, and this is its best 
possible comparative value. 

It must actually be somewhat less than this, because the steam has to be 
dragged through the 3rd and 4th stages. 

Hence, Q'l/R'c = 780 x 1 53 x 5-65c = 8175c 

This is lower than the required value. 

At 25 lbs. pressure, it is easily found that 

V-about •765 + -765 + -714 = 2-244 
and QVR'c = 1300 x 2-244 x 7c = 20400c 

Constructing a curve from these values, we find that the pressure at which 
QVR' = 10470 is about 17f lbs. 
At.l7|lbs. Q' = 910 

Type I. — Since type 1 usually contains 







' * 1 


1 


1 

• 
u 


1 

w J 


1 


fflii 


J 
J 
J 


m, Stages J 



a large number of stages, the 
velocities generated are less 
than the critical, and conse- 
quently Q is measured by the 
upper and lower pressures of 
any one stage. It will be, 
as before, sufficiently accurate 
for our purpose to put j?v = 
constant, that is, to assume 
that equal proportionate in- 
creases of volume produce 
equal velocities. 

It follows, therefore, that 
whatever be the initial pres- 
sure, the velocities generated 
in each stage will be the same, 
except that the back pressure 
Fig. 207. will be reached in a stage 

more remote from the ex- 
haust end of the turbine as the pressure decreases. 

Practically, there is always a slight drop in these dead stages owing to the 
decreasing resistance to the flow, but it is too insignificant to materially affect 
the problem. 

The total efficiency of the turbine therefore depends on the number of 
stages in effective operation. 

The number of stages in operation for a low pressure p may be found as 
follows : — 

Plot a curve of progression of area through the fixed guides or nozzles, as 
in Fig. 207. 

Let Pf, be the back pressure when an initial pressure p' is being used. 

Then the ratio of specific volumes is ^, 

V 

From the curve of areas find where A^ = !!j A^, and thence count the 
number of stages in use. 
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Or the number may be calculated without the asuistance of the curve : — 
Let Vj be the specific volume of the full initial pret»urc. 

Then vjX^=P|, the specific volume of the full-load steam after it has 

expanded ^ times. Suppose this occurs somewhere in the last (say third) 

group of stages in which an enei^ e^ is disposed of at full load : 

The eneigy disposed of at full- or no-load in the Ist and 2nd groups is e^ + eo', 

the energy equivalent to the no-load expansion is . e ; 

leaving an energy to be disposed of in the 3rd group of . e - (e^ + e^). 

The effective number of stages in use with the lower pressure p is 

therefore 

ej-(«i + ej). 

H 



xnj 



where n, is the number of stages in group 3. If the head is less than will 
carry to the 3rd group, as the case may be, the procedure is similar. 

Example. — Take the case of a 500 H.P. unit as before. 

Let there be 3 groups of stages or cylinders. Revolutions 2000 per 
minute. Then at full-load we have the following tabulated data : — 

Table XIV. 



Group 



Batio of powers 

Mean penpheral velocity 

Theoretical Doszle ^ 

Actual noaole 9| . . . 

Kmnber of stages . 

Equivalent number of stages, all of 
diameter L . 

Eneigy per stage, ft. lbs. 

Pressures • • • . 

Specific volumes . 

Belative diameter of wheels 

Actual „ „ 

Length of vanes 

Average pressure in groups . 
„ density „ 
„ disc inotion constant 
„ vane „ „ 

y/?' '. '. '. '. '. 



Average partial admission 
Disc + vane firiction H.P. (Z) 



II. 



1 

175 
872 
350 

12 

12 

2150 

160 to 104 

2-84 to 4-21 

1 

1-673' 

i" 
128 

*29 
4-29x10-7 
•086 
•4076 
-915 
9-2xl0« 

•2 

24 



2i 
225 
479 
450 

17 

38-2 
3570 
104 to 37 
4-21 t^)ir2 
1-286 
2 15' 

r 

63 

•148 

4-38x10-7 

•088 

1-435 

1036 

"-'5 
27 



III. 



5 
300 
638 
600 
21 

105 

6320 

37 to 2 

11-2 to 173 

1-715 

287' 

average l^* 

10 

•0262 

4-98x10-7 

•101 

6-075 

1-198 

•75 
30 



81 



In the vicinity of no-load the disc and vane friction will be practically 
constant over a considerable range of pressure. 
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Taking a pressure of 25 lbs., which we know is about the iio4aad pressure, 
we have 




Also put 


Zi = -03W=15H.P. 


Wo thus have 


W + Z + Zi = 500 + 81 + 15 




= 596 


and 


Z' + Zi=10 + 15 




= 25 


the ratio 


596 



With 20 per cent, vane losses as before, 17 = '857 for each stage. 
The total diagram efficiency may therefore be represented by 

(12 + 38-2+ 105)-857 

= 155-2 X -857 = 133 
Thus QiyRc = 1 27 X 1 33 X 1 1 -266 

= 190500c 
(Q iH not 7800, as in the last two examples.) 
Hero C^ = Apr' J (lltiteau). Put A = 1 = constant 

= -342 (about) X 372 
= 127 lbs. per sq. ft. per hr. 
Then for no-load the product 

QVi^'c= •042 x190500c 
= 8000c 
At 20 lbs pressure 

(y= 04x372 = 14-9 about. 

V 227 

To tiud »/ : Ji = !:!_ = 1 1*35 expansions. 

V 20 

With the original pressure, 160 ll)s., the specific volume after 11*35 
uxpausions is 

2-84 X 11-35 = 32-2 = i>i 

aud thiii oorroHponds to a pressure of 12 J lbs. 

TU t^uwrgy eipiivalent to the drop 160 .. . 12^ = 147000 ft. lbs. 
used in the 1st and 2nd groups = 87500 „ „ 
left for the 3rd group = 59500 „ „ 

^ . -ir 'vl-km± energy for the 3rd r -^ 135000 „ „ 

59500 
1^ nmiQur <rf stages i ^^ ^ 1 35000 '"^ ^^^^ 



GOVERNING STEAM TURBINES. 



217 



Therefore n' (equivalent) = 12 + 38*2 + 45 = 95*2 stages 

Then QVR'c = 14-9 x (95-2 x -857) x 6-42c 

= 7810c 
a value a little too small. 

At 25 lbs. pressure, 

QVR'c= 18-22 X (105-2 x -857) x 7c 
= 11500c 




Fig. 208. 

From these two values it is found that a pressure of about 21 lbs. gives 
QVR' = 8000. 

With 21 lbs. Q'= 00418x372 



15-55 



and 






15-55 
127 



= •122 



0' 
It does not follow that these various ratios of ^ are invariable. 

Q 

It will be observed that a very great deal depends upon the wheel friction 
A given speed and power may be very favourable to one type 
of turbine and unfavourable to another type in this respect, 
and vice versa. Nevertheless, the relative values of the 
ratios are generally about the same except in extreme 
circumstances. 

Type 4, as usually made^ presents a too greatly compli- 
cated progression of areas and velocities for the problem to 
admit of ready arithmetical solution. The general result is 
very much the same as in type 1, and a close approximation 
may be made by assuming a regular progression of areas to 
follow over the stepped progression, as indicated in Fig. 208. 

The calculation may then be made as indicated above, 
and the value of 7! will depend on the number of idle stages. 
Z is zero. 

GOVERNING BY VARIABLE ADMISSION. 
Simple Impulse Turbine. — For this type of turbine, 
governing by varying the number of nozzles in use is the 
most perfect individual system it is possible to employ. 

The initial pressure being maintained at any opening, the 
diagram efficiency remains constant at all loads, and the consumption is 
therefore the minimum possible. i 

When the admission is controlled by a slide valve arrangement, as in 1 
Fig. 209, a slight disturbance in the consumption variation is occasioned b^ 




209. 
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throttliug the nozzles as they are successively opened or closed, but the mean 
trend of the consumption remains unaltered. 

Regularity is sometimes aimed at by providing a separate valve for each 
passage or series of passages which is opened or closed suddenly by the 
governing apparatus, but this demands abrupt — although perhaps small- 
changes of load, which in the case of electric lighting often manifest them- 
selves by a flicker in the lights every time a valve opens or closes. 

Example. — Take the same data as in the throttling example. 

At full-load we have QrjRc = 300 + 30*8 + 9 

and at no-load Q'r/'Kc = 235 + 9 

but r/^rf and R = R' 

Therefor f-gH-ODSS 

as against '168 when throttling. 

Z' is strictly a little greater than 23*5, because the piirtial admission 
decreases with the load. But as the disc friction is overwhelmingly greater 
than the vane friction, as a general rule the correction may be omitted. 

At the De Laval speed, «?= 1378 

^' = •0618 

Q 

which agrees very well with Fig. 242. 

Compound Turbines, Type 2. — Governing by variable admission 
is also the best method for this type of turbine ; and if it were able to 
oonijKJto with other types at full-load it would show an economy at all 
loads superior to that of any other compound type, and of the reciprocating 
onjrino as well. Unfortunately the former condition is far from IxMng 
roaliseil. 

Type 3. Variable Admission to ist Stage only.— The distribu- 
tion of pressure, on which the estimation of the diagram efficiency depends, 
mav 1h^ investigated approximately in two different ways. 

(<i) The eximusion of the stciim in the 1st stage depends on the relation 
iH^twtvn the general area of the 2nd stage nozzles and the Ist stage nozzles. 

If A be the neck area of the first nozzle and A be closed up to aA, the 
quantity of steam that will pass in the latter condition must be aQ, because 
the ihvp of pivssurc is invariably to below 'bSV^. 

Lot the s^Hvitic volumes in the stages at full-load be 

^v *'2» *'3» "4 
and I,, the initial s|HHMtie volume. 

Then the gei\eral exi>ansion for the 1st and 2nd stage is -^ which is, 



nearly, thoni;h not quite, the same as -? , -^ and -^ 

If only a<i is ^^assing, r, changes to -^ =»'i 

from whieh we t'nul the pressure p\ ; and so ' 
(/>) We have Q-A/A'. 
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Now, with a given back pressure, the maximum velocity that aQ can 
generate in the last (say 4th) stage is -^,where A. is the outlet area of the 
last nozElea. This requires the use of a difference of pressure 

consequently p\ is known. 

Similarly, the maximum velocity that can bo generated in the 3rd stage 

is -r~-f ; and so on. 

This leaves for the 1st stage a difference of pressure Vq - p\, where Pq is 
the c(»stant initial pressure. 

Strictly, the shape of the nozzles only allows of an expansion equivalent to 
Fq -1>i» Pi being the full-load 1st stage pressure. 

The ratio of the velocities generated by Fq-Pi and Po-?>'] should be 
roughly equal to the nozzle efficiency. 

If we assume this to be so, we then take the 1st stage velocity to be the 
same as at full-load. Or we may assume that the whole velocity head 
Vq - p\ is effectively generated, and find the corresponding diagram efficiency, 
which will be low in oonsequence of Pq-p'^ being large: there is little to 
choose between either assumption, the result being about the same. 

We have now the required data for finding the no-load consumption. 

Example. — Take the same general data as for the throttling example 
(page 213). 



Then 


W + Z + Zi = 500 + 27'5 + 15 
= 542-5 


and 
Take method (b) : 


Z' + Zi = 61 + 15 
= 21-1 


R is constant in the expressions 

and may therefore be omitted. 
At fuU-load, 


for stage 4 


: l-P.r, 




= •00578x1890 




= 10-92 


for stage 3 : 


^=.% 




-37-45 


and for stage 2 : 


Q 




-108. 
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The fulMoad efficiency is represented by 

17 = 4 X •765 = 3-06 
and Qi/Rc = 7800 x 3-06 Re 

or Qi7 = 23870 

and represents W + Z + Zj 

Therefore %' must equal 4^x23870 

a ^ 542-5 

= 928 at no-load 
At a light load put a = -- . 

"""— " 10*92 

Then, in the 4th stage, the max. velocity = 



10x-00441^p.,ijib.) 
-248; 
whence p'g = about '0046. 
37-45 



In the 3rd stage, the max. velocity - ,~^ — ^^,^ 

^ ' -^ 10 X -0046 

= 814; 

whence p'2 = about '00562 

108 
And in the 2nd stage, the max. velocity = — — 

= 1922 
whence p\ = about 6| 

and the velocity head left for the 1st stage is about 3350. 

The total diagram efficiency with the same vane losses as before (20%) 
now works out to about 

•482 + -765 + -74 + 

= 1-987 

Thus 5 w' = I?2? X 1 -987 = 1550 

a' 10 

This is too high a value. 
Put = 4. 

10*92 
Then, in the 4th stage, the max. velocity = - - — — - ^ - , 

20 X '00441 

= 124 

whence p'g = about '0045 

in the 3rd stage, the max. velocity = — - — 

= 416 

108 
and in the 2nd stage, the max. velocity = -r — ■ 

= 1150 
This leaves an available velocity head for stage 1 of about 3470. 
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The diagram efficiency is now about 

•447 + -678 + + 

= 1125 

J Q / 7800 , , ^r 

and :siy'=ilzzr X 1125 



20 
-439 



From these two values we find that 

^^,' = 928 

that is, the no-load consumption is r^-^^, or '0698 the full-load consumption, 

14"4 

as against '1166 when throttling. 

By method (a) the results obtained are practically the same. 

For instance, put ^™T(\ 



then, 



v', = 10x65-7 
= 65-7 



^ 



s 



which gives p^ about 5| lbs. instead of 6| lbs., a difference that does not 
materially affect the total efficiency. 

TjTpe 3. Variable Admission to all 
Stashes. — If, in addition to the 1st nozzles, the 
2nd, 3rd, 4th, etc. stage nozzles be simultaneously 
and proportionately controlled, the light-load con- 
sumption is rendered worse, and not better as is 
often supposed. 

The disc and vane friction remain practically 
constant at all loads, and are only improved a 
little by virtue of the better vacuum obtained 
when a small quantity of steam is passing. This, 
however, only appreciably affects the resistance in 
the last two stages, which contribute least to the total resistance. 

Taking the same example, we may put 



n 



n 



Fig. 210. 



w 





W + Z + Zi = 500+27J + 15 = 542J as before 


and 


Z' + Zi = 26 + 15 = 41 


At f oU-load 


Qi}R<;=«642} and 


at no-load 


Q'i;R<;-41 


Thus, 


Q'- " --0756 
Q 642i 



instead of -0698 when the 1st stage only is controlled. 

TjTpe I. Variable Admission to ist Stage.— When there are 
many stages, as must be the general rule, a variable admission to the 1st stage 
can give very little better results than throttling. After the Ist stage is 
passed the process is the same as if throttling had taken place thereat. It is 
therefore a question as to how many extra stages over that of complete 
throttling are in use in the low-pressure series. 
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This is very appmiimately the ratio of the value of a Lp. stage to that 
of the finst h.p. stage. If the value is 5:1, as in the eicamplt! on page 215, 
we thus put in only ^ of a l.p, nUxge by contTolIing the admission by a 
ciit-off arraugemetit* In effect, the benefit is nil. 

This, of course, only applies when the stages are numerous, as in the 
example. When there are only half a dozen or so the effect is coxiipanible 
with that of type 3 ; btit, on the other hand, unleas the ttirbine is intended 
to work under a apecially low head of pressure (m in the llateati low- 
pre^ure turbines), dif^c and vane friction render such macliines almost 
uaeleas for fulMoad economy alone^-al though they are proposed over and 
over again. 

An iuiprovement is effected by varying the admission to all the stages in 
the first gronp. This, however, leads to complicated mechaniam, whichj if 
automatic, will necessitate the use of a powerful relay, and may, with a eon* 
stantly varying load, waate more steam than it saves by improving the 
economy of the turbine itself. 

An improvement is also effected by controlling the laat group when that 
group contributes the largest proportion of the total power, as in the previous 
escample, and throttling the high- pressure end. On the whole, however, 
there is very little to be gained over thi-ottling by any arrangement of the 
sort, 

GOVERNING BY PERIODIC ADMISSION,— This method 
of goveruivig was invented by Parlous, suid hns been applied to most, if not all, 
types of turiiioe that bear his name. In its ideal form it consists of alternate 
periods of working under the full head of pressure and with no steam passing 
at all. The no-ateam inten'^aSs are zero at maxiumm load, and increase up 
to a certain fraction of the total period at no-load, the periodicity remaining 
constant. 

This ideal action is, however, very greatly modified by practical con- 
siderations* 

There must, of necessity, be an appreciable volume between the slmt-off 
valve and the first row of vanes ; and the greater this volume in proportion 
to the area through the vanes, the greater will he the time the pressure takes 
to fall to the exhaust pressure. For satisfactory governing, the periodicity 
of the blasts must not be too low, and, moreover, the shnt^ff valve cannot 
operate suddenly. The consequence is that the process is akin to that given 
by a variable out-off with a simultaneous thrattling in the reciprocating 
engine. 

Now, unless the periodicity be very low, the conditions at no-load prai^ti- 
cally differ but little from those obtained by plain tlirottliog. That this is 
so can be shown as follows :— 

Let the steam at full pressure l>e shut off comparatively suddenly fi-onj 
the turbine, We retjuire to know how long the quantity of steam that is 
entrapped in the turbine takes to escape. 

Obviously, the time depends on the quantity entrapped and the general 
area through the turbine, or, specifically, the first row of vanes, because the 
velocity generated in a stage is approximately the same for any head. 

Let Qi be the lbs. of steam flowing per second at full -load, that is, at the 
moment before the valve is shut. 

Let Sj be the quantity of steam entrapped at full preaatire, and let S be 
tlie quantity left in the same space after a time i. 

hetp^ be the initial pressure and p,^ the pi'essare after a time t. 



I 
I 
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If, for simplicity, we assume ;>v = c, 

Then Q = /' x constant 

or Qi = Pi X C 

Then in a time df 

Now S = S,^ = Vii^ 

* V c 

Therefore dS^^^dp 

c 

and Cpdt^ '-T^~^dp 



or 



cC p 



V, 



p^y^ s= c and C = -^ 

Qi Pi 




To take an example of the same size of turbine i\h before : — 
Q, will he ahout 2-22 lbs. per second and S^ al^out | lb. 
Tnen, with Pi=»160, the time occupied when the steam pressure hi 
dropped to 120 lbs. is 



_i_l r 1^ 

Also, when it has dropped to 80 lbs., 
and „ „ „ 40 „ 

»l 1< H If *^ ,. 



•338 X -287 = -097 seconds 

t = -234 
t = -408 
/ = -937 



Setting these values out on a curve of pressure and time we have Fig. 211. 



224 TBI THKffT OF THE STEAM TUKBDK 

Thnfl the time occupied in ftJling to the nohmd presBQze is in the Tianitj 
of I to 1 second. 

Therefore, for the periodic proceas to be of anj Tslne at light Ioeda» the periods 
moat be mnch greater than one second. Such a periodieitj is, howerer, modi 
too low in practice for steadj ranning ; and, on acooont of the difficohr in 
paralleling when alternators are driren, the periodicity of the blists must be 
at least 100 to 200 per minute. 

It therefore follows that the initial preasnre at no-load departs yerj little 
from uniformitj, and is to all intents snd porposes throttled in the wdiDair 
way. 

Further, it is still found that the Willans line is practicallj straight with 
this method of goyeming, and it would appear that its value, as compaied with 
orrlinary thrr^ttling, is small from an economical standpoint. 

There is, nevertheless, a little benefit derived from the fact that with 
type 4 turbine, where the admission is necessarily full throughout, the higher 
the prcHMurc, the lem* the true vane resistance. As the pressure drops, a Dumber 
of the low-pressure rows of vanes are thrown out of effective action and haTe 



Load 
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to pump, but the high-pressure end never having to do this, does not create 
that particular vane resiHtance which is an extra item with other types having 
l^irtial adnuHsion. 

The result therefore U) be expected is, that the total steam line is slightly 
hv^llow at the higher loads, as at li H F, Fig. 206. Examples certainly exist with 
',his tendency, but there appear to be quite as many others without it. 

l>u the other hand, the Parsons contrivance is particularly valuable in 
v.*t'-\uvinir that there is a ready response to changes of load, because the periodic 
!/K»uon oliminates static friction and keeps the governor valve from sticking at 
b!K' «.*vuuvil moment. 

b"^^:;. *jrj gives examples of indicator cards taken from the steam chest of 
i. >iV k'.U»watt turbine. 

Iho ^uiivoiixil methods of governing that have been devised up to the 
I'lcovui havo now been discussed, audit will be seen that the important point 
v '»v' riuvsl ;ii in any design of turbuie is to keep the internal resistances at 
V . nL:t;uiu. This is even more important than the extra inch of vacuum that 
. .- v:ku -xuivou for. It has been pointed out in Chapter XI. and elsewhere 
I'ui I ^ m oxtivuioly easy matter to iin«»i4^4^i«.Qrly adopt dimensions for a 
. 'ii, ill.** wdl load to prohibitive It is easy to make a 
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difference of 10 per eent. of the full mitptit In the resistonees, wher^na the 
benefit per inch of vacutim beyoiad 27 inches doea not exceed 5 or 6 per cent 

The selection of dimetiBiona and speeds that offer the boat compromi&e^ lire 
pUfely a matter of trial and error in the calculations for the varioim dotaiK 
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GOVERNING DEVICES; THROTTLING.-Thero k pmcti- 

cally no difference between the luecUanism of throttling an applitnl to u turbino 
and to the reciprix-athig engine. The varieties are^ of coume^ very nnmerons, 
and tlie throttle valve may eitlier be ooti trolled directly by \\, governor or by 
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of a relay. A relay system is generally conaidered to be the best, 
particularly for largo units. 

Fig. 213 illuatnites the De Laval governor, in which the fly weights arc 
oppoB^ by the spring. 

The throttle valve is shown in Fig. 72. 

Fig* 214 showi^ a relay arrangement which is used for the ZoeWy f 



I 




226 



THE THEORY OF THE STEAM TOBBINK. 



The motive fluid for the relay piston r is a liquid (oil or water), supplied 
and returned, by the pipes a and b respectively. The liquid is supplied 
from a reservoir, under pressure created by a rotary pump driven from the 
turbine through gearing* 

V is the relay valve, and is controlled by the wellktiown dog-lever arrauge- 
ment shown in the figure. Thus, when the governor speed riaes, the relay 
valve lifts and allows the relay piston to he forced down and the throttle valve 



Fio, 215. 




Fio. 21&A. 



Fia 2l&a. 



T closed by a corresponding amount. This aetion brings the relay valve to 
mid-position again, ready for a further movement of the governor. 

For the Curtis turbine, to which the cutoff method is particularly useful, 
many elaborate devices have been patented, including steam and electrically 
operated relays. 

Figs. 21.5, 215a, and 215b illustrate the general meehanism of an eleetri- 
cally controlled relay system. This particular system moat be distinguished 
from that system where the governing is effected by a variation of the current 
of tlie generator driven by thu turbine. In the present case the eleetrioal 
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ocmtrivanoe is simply a means of communicating the movement of the 
pendulum governor to the nozzle valves. 

The commutator C is rotated by the governor levers, and the circuits for 
the electro-magnets M are consequently closed or opened by the wipe contacts 




Fio. 216. 

b. When the current is broken, the nozzle valves t; are closed. The action is 
as follows : — 

When the circuit of the magnet is energised it raises the secondaiy or 
relay valve r and cuts off the supply of live steam to the cylinder a. At thr 
same time the exhaust port e is uncovered, and the steam remain^*' 
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relay oyliiidar eto^Mt* When the premm in a hse tiras fdkn, the rten 
foroee the valve v open, the area of the piston being greater than the amtf 
the valve. 

When thegovenunr demands that the valve shaD be dosed, the eontuiati 
is broken, the valve r drope, and live steam enters a throai^^ and/, eitabliik- 
ing pressure equilibrium on the piston, and allowing the qsing to doKthe 
valve V. p is a non-magnetio plate to prevent the pole-pieee from stickiiigto 
the armature. 

I: is a knock-out switch, operated by the governor at the extreme sUowaUe 
racing speed. All nosde valves are thus shut off in emergency. 

Figs. 216, 216a, and 216b illustrate a mechanically eootioDed system <» 
similar lines. 

The cam cylinders c replace the commutator of the above system, snd sx* 
rocked by the governor levers as before. 

The action is ss follows : — In the position drawn, the nosile valve f * 

supposed to be in the act of openi^ 
and the cam cylinder has depressed t*f 
reUy valve r. The supply of bi^Tl 
pressure steam to the back of t>^ 
piston p is now cut off, and the ^el^^ 
valve has been moved away from i^ 
top seat^ allowing the steam behir'^ 
the piston to escape through tl^^ 
pipe a to the exhaust e. The nonl^ 
viuve can now open by the steai^ 
pressure on the under side of tb^ 
piston. When the valve requires tc^ 
be closed, the projection on the cam 
passes away from the roller, allows the 
relay valve to rise and open at the 
bottom seat, admitting steam behind 
the piston, which, with the assistance 
of the spring, closes the valve. 

It may be noted that thin stemmed 
valves, as in Fig. 216, are very liable 
to break, from the ropoiitod |)ercu88ioii of the valve ; also that springs within 
hot steam spaces are objeotioiiahlo, on account of losing their temper. The 
long spring of Fig. 216 Ih intoiuiiKi to compensate for this objection, and is 
claimed to answer bettor than a short spring. 

The most elementary mctiiod, and one that naturally suggests itself, of 
etfeotiiig variable admission, is by means of a slide valve on the principle of 
Fig. lH)9. Practically this is an objectionable method, unless the valve be kept 
continually moving, so as to avoid static friction. Even then the force required 
to move it necessitates a very powerful relay. 

lUtoau has patented the arrangement shown in Fig. 217, and an elabora- 
tii>n of the same idea has been applied to a large number ojf stages — all the 
first ^iiMip — of an experimental type 1 turbine built by Schulz. In the latter 
iiistanoo the arrangement was worked by a hand lever, and not automatically. 
PARSONS PERIODIC CUT-OFF GEAR.— There aie many 
varietiott c»f this uicchanisni, but the general principle of all is shown in 
Fig. 218. 

The caiii lever C L is centred about s ~ the roller at the end 
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resting in contact with the cam C, which w arranged to give the lover two 
reciprocations per revolution of the oil pump uhaft. 




The governor lever G L is centred about a point Y on the cam 
lever, and is provided with a weight W, a dash pot GDP. ^^^^^^ 
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usual Ijr filled with paradiii oiU and a spring G S for ad just log the speed of 

the turbine. 

The relay piston valve is operated by the govenior lever as nhown, and 
receives a reciprocating motion in accordance with the motion of the cam 
roller. ^m 

The neck gland N la allowed to leak at a suitable rate, so that wheti tll^H 
levers arc as shown, steam leaking into the relay cylindor is taken away (thi^^ 
ateain is used in the shaft glands to prevent air getting into the tnrbine) 
through the exhaust pipe V, and dftm not drive the piejtou. The double-heat 
valve D B V is therefore held shut by the force of tbe spriag above tbc 
relay piston, 

\\'ht?u the relay valve is down the bottom \yoTi is ahnt^ and the leakage 
steam drives the piston up against the force of the spring aud opens the 
double-heat valvo. This valve is thus opened and nearly, if not qnite, abut 
once for every reciprocation of the cam lover. 

The govenior U opemtes tbe lever G L tfirough the point Z, and determinea 
the petition of the arc through which G L oticOlates. The relay ^*aJve there- 
fore allows the l)ottom port to the relay cylinder to be open a longer or 
shorter period. 

The further the governor balls fly outj the longer the DBV remains 
closed. 

The relay piston spring is adjustable, so as to ensure that the valve will 
shut properly. 'I 

By adjusting the spring G S, the position of the oscillation arc is modified 
and the speed of the turbine set. This is, of course, only done when load is , 
put ou for the first timej or when occasion for readjustment arises. 

The arc of oscillation necessary to work the relay valve depends upon the 
size aud arrangement of the mechauism. In the figure the displacement of 
the levers, etc. is a little exaggerated, for the sake of clearness. 

FURTHER POINTS IN GOVERNINa -The foregoing 
sections deal with the various methods by which the steam snpply may be 
adjusted to suit the load. 

The mechanical requirements of the governor itself are identicaJ witli 
those for the reeiprocatiug engine, and do not call for special disciissioiL 
The simple spring loaded fly-ball governor is quite satisfactory^ although tlie 
balls may assume various shapes — to suit special requirements — as in the^i 
De Laval governor. ^H 

In the generation of electricity the permanent speed variation betweefl^ 
full aud no load should not exceed 4 per cent, for good governing, and the 
momentary variation due to tbe fuU load being either thrown out or in 
should not exceed 10 per cent, from the normal. In the case of generators 
coupled in parallel, especially alteniatoi-s, these amounts are often uiad- 
missible, and 3 per cent, and about 5 per cent respectively are frequently I 
demanded* The permanent variation depends upon the governor movement 
aud the lever systems, which must be proportioned accordingly. The momen- 
tary variation ig more dependent upon the provision of an adequate * flywheel- 
effect ' of the rotor system. 

The governor ebould not be too sensitive, and, as u rule, far better 
governing is effected for slight fluctuatiooa of load by making the ^ flywheel^ 
eftect ' of the rotor as high as possible^ 

Experience proves that tlie turbm' ^m^ sensitive to changes 

of load than the reciprocating engi "^nsequont tendency to 
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firing' or * hunting/ mile^ th« governor is compamtively aliigglah ai 
tbe flywheel-effect largo. 

Considerable difficulty u often experteuced in inducing turbo-ftlternators 
lo ruD in parallel, and with the Parsoos |>eriodie cut-off gear, and multi- 
iralve arrangementi* where the throttling between the opening and shutting 
of each valve m not perfectly graduated, the conditions are not the be&t to 
overcome the difficulty, j 

Vlmn throttling gives a more id^l control. ^ 

There appears to be an idea current that because the speed of the 
lurbiDe is very high, the flywbeel-effect b necessarily very large too. 
As a general rule tliis ts wrong, oapeciallj so with comparatively low-speed 
turbines, where tbe increase 
of the moment of inertia does 
not usually compensate for 
the reduction in speed. 

The total aywheel-effect, 
of course, includes that of 
the dynamo or alternator 
rotor* 

The periodic cutroff gear J 
introdutses a condition very 
similar to that in the recipro- 
cating engine, but it requires 
quite a heavy construction of 
turbine rotor to give a fly- 
wheel-effect to meet the con- 
dition of suceeasful parallel 
rtinning, or in the case of 
isolated units, of undue 
flicker in the current. 

F LYWH EEL- 
EFFECT.— Twu different 
cfinditions reijuire to Ije met 
for direct current and for 
eitemating - current genera- 
tors respectively* 

For directcurrent 
generation the flywheel-effect has to be sufficient to keep the reiodtf/ variaiton 
within prescribed limits ; for alternating cuiTent, the effect has to be sufficient 
to keep the displaf'mntmt of the rotor from its proper position at any moment, 
within certain limits. 

It b importiint to distingnish between these two cases, because the 
velocity variation is often mistakenly applied to the latter case. 

Periodic CUt-oflT arrang^ement, or variable presanro with constant 
load, — Let curve A (Fig. 219) r*ipresetit the pressure oscillations at a given 
^ rl (aa in Fig. 212). 

Without any appreciable eiTor this curve may be considered to be 
proportional to the curve of twisting moment at that load. A is therefore the 
acceleration curve of the rotor, The velocity variation of the rotor may 
tlien l>e represented by curve B. 

The displacement of the rotor from its mean position will then be 
represented by curve C. ^ 




Fio, 219. 
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For simplkitj we maj oonskier the form of the curves to be harmoiuc, sbioe 
the iudicifctor dHigmn, such as Fig. 212, approximates this form very closely. 

L^ N « reTolutioDS per minute. 

L » Qumber of pulsations per minute. 

9^ » mean Telocity of rotor, degrees per second. 

If, «i 



(r^.Qunimum „ „ „ „ 

I> » wtal displacement of rotor, that is, twice the displacement on esc^ 
side of the mean position, in degrees. 

Tthm with a two-pole alternator the number of electrical degrees ^ 
r^voluckm «» 360. 

With :ip poks the number of electrical degrees per revolution is 360p. 
We htive now the following relations : — 

2r 
Average velocity variation, r. = — (for harmonic curve). 

Tiuio of one pulsation « ._ seconds. 

L>=— X — - degrees, when the electrical degrees per revolution = 360. 

IT Lt 

Kor *2p poles 

D = — X — xp electrical degrees. 

r L 

"'^'" "=r^ ^^^ 

Let ]=hZ3j^ (2) 

.p. 1 ttDL 60 

^^'''' T=60;>"36-0-N 

= ^^^ (3) 

*) 'uiiai ^Hi »uod for direct-current machines, in which case the velocity 
^ <^iA*U'*» ^* \^\utWd ^being a function of the variation of voltage allowed). 

V v,^Ij< 'Vi vML t>VWi ^ to — - gives satisfactory results in practice. 

^ ^HJ^ ^^tM^l '^ t^t^NruAtors, as - may have a very different value 

,, ,^ k HMlrifcfaMW lu the case of alternators the displacement 

a,.i^ L^kNttlttWott of the out-of-phase allowable). The greater 

iiij^ ^ fcjiiii Wiwt be the actual displacement. 

UiYy Ntth <M either side of the mean as recommended 

efroct , ^^ * ^lw>trioal degrees, that is, D should not 

'^^^^ 
govoriiiu^ MMlMV ibe value of i may be less than — 

effect 'of -"-' * "^ 1000* 

Experiei IN ^J (or the maximum) 

of load thai. 
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For the l ec ipro catipg engine this is estimated directlv from the twisting 
momoit diagimm. 

For the turbine we maj determine £ as follows : — 

We leqoire to know, fintlT, what is the rate of fall of pressure, as in 
Fig. 211. This is determined firan a knowledge of the contente of the steam 
spaces, etc, as pietrioaslj shown. Secondly, we require to know the no-load 
presBoie and the pross ure-Tariation with the load. Given the no-load and 
mazimum-k»d preasores, it is soflkientlv aocunte to assume a straight Hue 
law of yariatioQ ai pre ss u re with the load. 

For a particular case we thus have Fig. 220 in which A B represents the 
fall of initial pressure upon shutting the gOTemor Talve (and conversely the 
rise upon opening the valve), and C D gives the pressure for any load. 




•4 S '6 

Seconds or Load. 
Fig. 220. 



f-0 



For the time - of half a pulsation the pressure falls from A to 6, say, and 

from C D this corresponds to fall of load from 1 to /. 
Let Mg,^ be the maximum load twisting moment. 

Then. M^^^m^ 

Let Mj be the twisting moment for the maximum pressure of the pulwition 

(not necessarily the full pressure as in the above instance), and 
let Mj be the twisting moment for the minimum pressure of tlio pulsation. 
Then the average surplus or deficit twisting moment during the half 
pulsation is 



and 



P^^ N(M,-M,) 
L 
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The kinetic energy of the rotor, or * Fljwheel-effecty' is -- — , and it is 

2g 

easily shown that 

ir"2\^;^ T- • • • w 

The application of the above investigation will be best followed by an 
example. 

Example : — 

Given N = 2000 revs, per min. 

L = 200 pulsations per min. 
2p = i poles to alternator. 

Max. load initial pressure =: 160 lbs. absolute, 
and the no-load initial pressure = 20 lbs. absolute. 

Suppose the average working load to be -8 of the maximum (without using 

bye-pass steam). Then the mean initial pressure for this load is equal to 

about 132 lbs. absolute. 

60 
The time of one pulsation = — — = -3 seconds ; and from the typical indicator 

diagram, Fig. 21 2, it is seen that whatever the load may be, about one half this 
time is spent in the pressure falling and the other half in the pressure rising. 

Referring to Fig. 220, an interval of *15 seconds allows the pressure to fall 
from 160 to 102 lbs. with the particular proportion of steam spaces, etc. 
assumed in the previous example. If, however, we allow for the comers of 
the indicator diagram to be rounded off, the pressure oscillation for a mean of 
132 lbs. will be about from 150 to 114 lbs., as shown by de/. 

From the line C D 

150 lbs. steady pressure will give a load of about '925 HP,„^, and 114 
lbs. steady pressure will give a load of about '67 HP„^ 

., N(M, - M-) 2000 X •255M^ ^ -^,, . , „ 
Thus K = ^ ^ ^^ = ^— "?^ = 2o5M„«^ inch lbs. 

ttDL 314x6x200 ,... 
"=120;.= 120-72-=^"' P^"-^- 

2000x360^^2000- s^. 
" 60 * 

1 _2/'^^ljl ^1 

/.• ' i\, ~ \ 2000 350 

Hence WV'^K/r^ 2-55M„.... x 350^ .^i^^,, ^^^ ^^ 

2// " 2 ~ 2x12x2240 

SiiKHJ M- r,302t '['' 

M 315 III' for a Mpcfd of 2000 revs. 

Therefore ^^^' - OKW; / 31 5 

- u^:\ fool, 
For H .'onHtHiif lofMJ wlt»' foregoing example gives 

the ininifiiufii fl> wIm-i-I miming in parallel 

with other iinitf). 
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A variatioil of load has nevertheleBs to be provided for, as it is such 
▼ariatioDS, often small, that easUj throw alternators out of step. Especially 
has this o(Hidition to be met in the case of traction and similar rapidlj 
fluctuating loads. 

The problem is practically the same whether the turbine be fitted with 
ordinary throttle valve or with the periodic gear. 

Satisfactory running is usually obtained by the adoption of a flywheel- 
effect adequate for half the load being thrown off or on. 

Example. — Take the same data as in the previous example. 

Suppose one-half the load to be thrown off suddenly. 

The drop of initial pressure should simultaneously fall from 160 to about 
90 lbs. 

In the former example we had a constant load with a variable initial 
pressure. Here we have the load changed, but with the pressure practically 
stationary at^ and just after, the moment of change, because, in the first 
place, a change of speed is necessary to move the governor throttle (or 
equivalent), and in the second place, the governor is necessarily a little 
sluggish in action, if hunting is to be avoided. Thus the pressure does not 
really drop from 160 to 90 lbs. simultaneously with the change of load, but 
lags behind. 

We therefore have, practically speaking, the converse of the previous case 
of variable pressure and constant load, and we can consequently employ the 
same process for determining the proper flywheel-effect. 

The time required for a drop of pressure from 160 to 90 lbs. when the 
valve is shut suddenly is '2 seconds. The equivalent number of pulsations 
(if the process were perpetuated) is therefore 

L=s -J X 60= 150 per min. 

Hence E = ^ x •5M^. = 6-66M^ inch lbs. 

314x6x150 „ ^p, 
' 120x2 ^^^'^^ 

1 _ 23-5 _ 1 
k 12000 510 

And l!g!=»^ = .0632M_ 

= 1-99 foot-tons per HP^. 

The determination of the approximate amount of flywheel-effect of the 
rotor system is not a matter to be ignored, and there is little doubt that 
in many cases, where refusal to keep in parallel has given a lot of trouble, 
the masses have been stinted. Although a part of the required flywheel- 
effect is of course included in the generator itself, it requires a comparatively 
heavy construction of turbine rotor to provide more than about '75 foot-tons 
per HP in spite of the high speed at which it rotates. 

The proper place for the heavy rotating masses should, nevertheless, in 
the ideal case not be split up into two sections, but should either be all in 
the generator or all in the turbine. In practice, therefore, the mass which 
tends to predominate should if possible be made to predominate still more. 



-^3 rH3i:aT or the stiam turbine. 

. . 1.. >■»*- :p >: 1:17 ix.9*i rule, although it is generally conceded 
:. "- -aJiJs-^T.ry ::r :Le i^renerator to contribute the greater 

. L.— - c- r .-.cs^scini A two large masses attached at some 

: : <i-a.I slit: ia m'.»re or less easily set into torsional 

•-. -.i. . ::sc:^ l::^ forves. If those disturbing forces are 

-....: T .• .iT-.-i-: — frerivnoy with the natural frequency or 

. - . ■ *!.*:.> in- vt: JL? A 'resonant effect' will take place, 



\"R<;CX.\L .OSCILLATIONS OF SHAFTING.— Suppose a 

'-■; »: I.'.- T^'i iZ'i :o have a heavy mass attached to 

-*.i.-. ¥::*.:. ::» elastic limit, and then suddenly 
->^ >• :. -j^ ...-.:_ i" \ .. :^ i-j-iuritrd to the shaft, the pericxiicity 

. -■.- .-.' ..a -i' :b.e shaft and the moment of inertia 
■vjs. ^ > . "s-:. i-.>c ."Jise. 

• >^ • •.>.!. 1.1 --.rc-rte'i on l<arings (not necessarily at 

* ' 0* * ■ u<s.-- i::Li'.iic-: :• :: a: s."*me distance ajxirt. Then 

' ■ ■- :.>«s.> t : V .^ccd j^d released, torsional oscillations 

V . .:*<. ^ '■.;«; " .».c'«.&:-c rojLae. 

» . M. ' . : . r^->Cs:'.i ::i :h.e latter case. 

- >, .'.x^ ■ v'^ I.-. :ii-; '-:jL:u.rjkl or free oscillations of the 

■. .'. .' •-• ■: I ■ irery 0: waysw One {^articular way 

^ K - ^ ■. .». I • r-.v: .&<.■:!. '.^::..'n upi.ni the system by some 

N :>.u :».\. ..:i,- v'jLruA:ioii of twisting moment in the 

^ ^ :v A. ■' vi c.i! y ^ verr.e«i turbine; also the rapid 

'.■■.-.•. "i '-■•' :r.-: yr.vl-.iction of an alternating 

•. . >. .» N ■.. . XI* ".i: :;:•.< :i:.i\- be readily induced by 

K N V . ^ • i i.' »■•.'.• 'Vr:-, -Irers :n.::i that or the natural 

» . N v y X , . . >;. :i.. A::r. ::Lt r.-rot^i j^^^^ri'>iicity, but no hann 
.- , 'w ,.,..'. V vx. . u c; v.:y :: »\^lchronism. Nonually, therc- 

V .\ x^.^ v» ^ .i»fc. ; .•.' :v ::i<: maximum twisting nn^ment. 

.*v ..\. \...v. -K . *■' •^vr'AV.v.-ities synchronise, the amplitude of 

.* . v;\.*wN^ I :..: :hv.' shaft breaks, or until equal to the 

^.N. .. :...;i...^ ♦■Ai..vi. .':: he metal. 

>v -v^. . ^ \ *-N »■' iv^io'' I'-i ;i decreashig degree, if the artificial 

> ,. » ».'x;,.^v **:^ i •-lie :u«ural periodicity of the rotor. 
\i, ...\..., N luiv.\ic V,' :o ,tr range the masses and the dimensions of 

^.,^ jj, <. .u -^x^iuuxi ^.vnditious of working there shall be no 

...v.. v.-.v- "^ lu^vuuxi .iiul the natural oscillations. 

V V xwv..« s'«; uciUit y*i the shaft section about its axis. 

. a. ,.v^.-*. i^-uuiua. of eiisticity (11,000,000 x U4 lbs. i>er 

. ^.. xi*.\ Xi*ixu the luasH^ 

'.^. «c«<Oa 4UJ liuio t m ciixular measure 
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M = -/ or - =<- 
r I r 



also 



f^rO / GO 

G I ^^ r'" I 

Let Mq be the couple reqiiired to twist the shaft through unit angle 
(one radian). 

GI 



Then 



Mo-Y 




Fio. 221.— Torsional Oscillations of Shafting. 



Let ^1, ^o (Fig. 221) be the angular displacements measured from any fixed 
direction A B, and let ^ be the amplitude of the oscillation. 



Then 






By subtraction 



For simplicity put 02-0^ = a 



Then 



f?2a 
d/2 



+ Ka = 



351 TTl 



nKAsns* i^im v-t lA^fi 



^S* ="-• 






Wl^L « = .^^ = .i .-. -=t^ 






5tn-J^^i = /^E^^r^ 



Het^ Ti^)=±x^^ 






Altbr.mgii the a)>9Te expreasioD is simple, it is often Terr difficult to gauge 
pfv^i^rrij the data from vhicfa to sc^ve anj particuiar proUem. The b^t 
war, aA a rule, in Uj take tvo extreme cooditioos that appear possible from 
t\%f: given dimenfiK/ris of the system, and it is also best, vhen possible, to find 
tJ^th n^ffneittA of inertia I, aod U bv experiment, the £adlities for which should 
\m: at liarjd for l/alancing purposes (see below). 

We rnay thiiii determine the probable limits of the periodicities between 
which the a/.'tual periodicity will lie. 

A j¥;rfe/;tly rigid coupling in the shafting will not materially affect the 
torniofjal Fttiffn^^wi of the shafts provided that it only occupies a small portion 
of i\t*: U/tal length of the shaft. A flexible coupling without any cushioning 
ttrninii^t'jiniui al«^> will not affect the problem greatly. If the oscillations of 
tli<; K.train [jhhh through a zero value the coupling will probably chatter, in 
wfiicjj cjiHt: the clearances in the coupling claw or its equivalent must be a 
iiiinirniirn ry^nMiMtent with the flexibility demanded by other mechanical 
r;/>n>iiderationH. 

With cimhioning arrangements — either springs or, as is more common, an 
oil film ' intmt of the forced oscillations occurring in either half of the rotor 
HynUiUi arc generally successfully damped out and not transmitted to the other 
half, A r;iiMhir>ned flexible coupling is apparently a satisfactory safeguard 
t^iin'itiHi fnujtnre of the shaft by synchronism, although, in any case, it is very 
rh-Hintlile to avoid risk of this occurrence. The total length of the shaft 
hilween the rnasKcs would, of course, be taken as before. 

In rij^id MyHUjrns, U) which the foregoing analysis more particularly applies, 
it <loeH not neceMHiirily follow that if the calculations indicate a risk of syn- 
ehionisni that the shaft should be made stiffer. If the size of the shaft 
r<Mjiiin»H to he nicKlified for this purpose it should be made smaller or larger, 
iieconling to whether the departure from the critical condition is greater 
or Itms. 
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Provided that the shaft is amply strong for its ordinary functions, the risk 
of synchronism can often be quite as easily and safely avoided by reducing its 
size as by increasing it. 

The oscillations of a shaft are undoubtedly resisted to a great degree by 
internal friction of the metal, which tends to damp them down and prevent 
their amplitude increasing indefinitely, if not dangerously, in the event of 
synchronism. Unfortunately, we are not yet in possession of adequate 
information of the laws and experimental data of this phenomenon, an 
extensive field still existing for both mathematical and experimental research. 
In the absence of this special information it is advisable to arrange matters 
80 that a liberal danger zone for synchronism, as determined above, is avoided. 
It may be observed that the existence of internal friction lowers the period- 
icity without friction ; also, that the natural desire to increase the size of a 
shaft in order to be out of danger rather than to decrease it, although it may 
be quite feasible, certainly will increase the total of the internal friction and 
the damping effect on the forced oscillations still remaining. 

Example : — 

Given I^ = 700 foot lbs. 
I,= 600 „ „ 
r=-3feet 
/ = from 7' 0* to 5' 0", the effective length being uncertain. 

Then I = ^r*=01271, 

(a)put/=7 

then M,^^=.^^><^Q^^y^^'Q^^^^=2>875xl0c 



T(.^) = 2ir^ /±( hh ) = 6-28^ / L 



700 X 600 
X — 



!-875 X 10« 3100 
= '0766 seconds 
If n — the number of natural periods (/^^) per second 

n=_L- =13-05 
•0766 

Critical forced periods may also be 

13-05 1305 1305 
2 ' 3 ' 4 
= 6-52 , 4-35 , 3-26 
(i)puti = 5 

then T(/^') = -0563 seconds, and 

n(/^) = 17-75 , 8-87 , 5-91 

Thus if the turbine drives an alternator having 50 alternations per second 
there is little chance of synchronism occurring. 

Suppose, on the other hand, the turbine is fitted with the Parsons periodic 
governor having 3 periods per second. There is again little risk of synchronism 
occurring on this account, the nearest (3*26) being 8 J per cent, removed. 

The above example may therefore be considered safe.^ 

^ For treatment of propeller shafting, see Engineering, vol. 75, for Hermann Frahm*f, 
investigatioiis. 
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MOMENT OF INERTIA OF ROTOR.— The moment of ine 
of a turbine or djnamo rotor may be easUj determined from experiment 
using the principle of the compound pendulum. 

Support the ends of the shaft on suitable rails so that it lies horizontal 
Fig. 222. Then attach to the rotor a known weight at a given distance fn 
the centre of the shafts the bracket being as light as possible, so that 
weight is negligible. 

Oscillate the combination through a small arc and note the time 
oscillation. 

If Wj = weight of rotor + shaft 

Wj « weight of added mass 
k^ = radius of gyration of rotor -f shaft 
k^ B „ „ added mass 

£= „ „ combination 

h = distance from centre to C.G. of combination 
T = time of a complete oscillation, 




Fio. 222. 



Then 

and 
also 



(W, + Wj)F = W,^,2 f VVjfrj^ 

w, + w. 



W A" 2 
Thus k. is found, and thenco — i-i-, the required moment of inertia. 

9 

Variations of the experiment to suit other conditions will readily occur to 



CHAPTER XV. 
STEAM CONSUMPTION OF TURBINES. 

CoKTBNTS : — The Effect of Vacuum— The Vacuum Augmentor — Effect of Suiierheating — 
The Measurements of Superheat — General Steam Consumptions— Thermo-dynamic 
Efficiency — Economics of Condensing. 

THE EFFECT OF VACUUM.— The benefit in steam economy 
derived by pressing the vacuum to the utmost limits is generally recognised 
as increasing approximately in accordance with the theoretical uicrcase 
obtainable in such circumstances. This may or may not occur with the 
reciprocating engine. It is often maintained — by, it is to be feared, in- 
terested parties — that the reciprocating engine does not benefit by being 
given a higher vacuum than about 26 inches, because it is unable to expand to 
an extent that can be affected by any reduction of vacuum beyond this point. 

As a matter of fact, however, if the valves of, say, a triple expansion 
engine be arranged so that the low-pressure cylinder does not have an 
excessive range of temperature to deal with — that is, does not yield an undue 
share of the power — the benefit derived by increasing the vacuum is roughly 
proportional to the theoretical increase, although the proportion is lower than 
in the case of the turbine. 

The real fact of the matter is, that under service conditions the turbine is 
at present generally unable to compete with the reciprocating engine at 25 or 
26 (flxkd less) inches of vacuum (with a 30-inch barometer). 

The greater benefit which is derived by the turbine by an increase of 
vacuum beyond, say, 26 inches is due to three reasons : — 

(a) The lower temperature involved is not carried, as it were, into the 
hotter parts of the turbine except by conduction, as is the case with the 
engine cylinder, which is exposed alternately to the extremes of temperature. 

(b) The turbine derives a benefit from the complete expansion to the back 
pressure, whereas the engine cannot expand so far, for reasons that are well 
known ; in other words, the turbine utilises the triangular extension of the 
indicator diagram, but the engine does not. 

(e) The exhaustrpipe pressure close to the engine is never available in the 
cylinder except with very slow-speed engines, where port areas, etc. are more 
easily made large enough to deal with the steam at velocities that do not 
demand an appreciable loss of pressure-head. The difference between the 
vacuum in the l.p. cylinder and in the exhaust branch of the modem high- 
speed engine varies according to a regular law, the difference increasing 
with the vacuum. Thus, if the difference is about 1} inches at 26 inches 
vm^aum in the pipe, the difference at 27 inches will be about 2 inches, and 
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the eflfective change of vacuum is therefore only about J inch instead of an 
inch. The turbine is not subject to this condition of things unless the exhaust 
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Fig. -jus.— Rate of Benefit per inch of Vacuum (30* bar.). 

pip* b« unduly small a circumstance, as a rule, much more easily avoided 
xhux vich the euiriuo. 




TlA.^M,-Tc^VEwt oC Vacuum (30" bar.). 



back pressure of 
) in the exhaust 
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The th^retical t*enefit per inch (aa^r) of Tacuuni obviously depends upon 
th© imtial pressure, but the ditleretice m very tittle for a consitlerable 
?amtion of initial pressure, s.^^ 10 or 15 lU, on either aide of 150 lbs. 
pr^sitre. 

Figa, 223 and 224 have boen prepared from actual testa of the turbine and 
of the reciprocating engine. 

The curve A B gives the theoretical rate of benefit per inch when 160 lbs. 
&hsolutc is the initial pressure. 

The curve KD gives the theoretical total benefit to l>e obtained, starting 
with Ji iioii-condensing (atmoispheric back pressure) condition. 

As the load decreases bj throttling, or by similar methods of governing, 
the beneftt of the decrease of iMick pressure should lucroaae in proportioiij 
beoanae the theoretical oonsumptiou per liorsc-jxjwer increajses as tbe initial 

sure decreases. Fig. 225 




giTea an example. 

U must not, however, be 
generally ci>n eluded that the 
Idgheat vacuum possiblo is neces- 
sarily the most economical in the 
long run. 

The condenilng apparatus is 
notorioiisly moat troublesome to 
keep in efficient order, and for 
the continued niainteuance of a 
28 or 28| inch vacunni some 
svatem of duplication is advis- 
able, if not aWjliitely uecesssary. 

The nett value and coat of an 
extremely higli vacuum depends 
on many factors: — the tempera- 
ture of cooling water, and tbe 
ijuatitit}" required ; the cost and 
source of the cooling water ; the 
type of boiler; the feed water 
api>aratu3 ; the cost of coal ; the 
size, eo«t, and depreciation of the plant ; the nature of tbe load, etc, 

Ther« ia therefore no fixed rule, and each case uuist atand on it^ own 
merits. The general problem of most economical vacuum is dealt with on 
page 269. 

According to statistics compiled by Mr Bibbina, there appears to be an 
average tendency for a 27 A inch vacuum to prevail. 

The imp4>rtance of minute air-leaka into the condenser and piping cannot 
be over-estlniated. 

Fortunately, the turliine ha;s only two glands— aome times only one-^to be 
kept vacuum-tight. 

In the Tai'sona turbine, it has already been observed that air leakage is 
largely prevented by feeding a little steam into the glands, which takes the 
place of air that would fitherwise leak in. This steam la condenaed either in 
tiie gland or with the ox haunt steam, so that little liarni results. 

The jiir that in prc^nent — most of it comes over with the steam^ — is moafi 
effectively pumi>ed from the condenser by a dry air pump, a separate pump' 
bebg used for the condensed water. 



25 ZB 27^ 

tncfiws ¥actfum. 

Fto. 226. — Efftet of Vaciuim at diirerent Ifmrla, 
Westinglioiisp-Parsotis TiiTbine ( Bibbiiiw), 
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An ingenious arrangement) called the iracuutH aug^etltOft ^^ hmn 
mvented by Panioiias and is shown in Fig. 226. 

The air pump is placed about 3 feet below the condenser, whieb is pre- 
ibly tilted to an angle as shown, A is a small steam ejector arranged to 
nearly all the air and residual vapour from the main eandenser and 
arge it to the auxiliatr condenser C. C may be quite small — about j^^ 
of the surface of the main condenser — aa it only has to deal with a small 
quttntity of »team. From the auxiliary condenser the air and water passea to 
the air pump. The main condensed water pipe D is bent so as to form a 
water seal to prevent the air returning to the condenser. The difference in 
level of the pump and coudenaer allows of a difference of about 1 J to 2 inches 
between the vacuum at the air pump ami in the condenser, to the grejit 
advantage of the pump. The rapid eliuiination of air from a condenser is 




Flo. 220, — Pttfsous Vaeutun AugmcTitor, 



very beneficial, as it inc revises the effieiencj of the cooling surfaces. Air being 
bad CQudiictor of heati materially retards the condensation of steam with 
f*which it ia mixed. 

With the alx)ve device the attainment of a 28'inch vacuum has Ijeen 

greatly facilitated^ without the great increase in cool hi g surface and size of 

air puijipa demand^] by the ordtnflry arrangement. The (piimtity of live 

.steam retjuired to work the ejector is very materially less than that reqiiired 

drive a larger air pump^ however indirectly it may be applied to that 

' purpose. 

At a given temperature there is a minimmn quantity of water that will 
cotidense a given quantity of steam. Accortliugly, the amount of cooling 
water is a dominant factor to be considered in land install! a tiona. 

Fig. 227 shows the avenige and pos**'*^*'^ -^linimum quantities of water 
required at two different tempenitnrej^ h water at 85* it will be 

practically impoasible to obtain a 2 8 -in 

With special devices, such as t mantor, the quantity 
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Fl6, 237.— Vacuuin and Cooling WaUr. 
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Iiiirud may approach the minimum^ but under onJmary circumstances ! 
^Sterage lines given in the figure will be nearer the nuirk. 

Fig. 228, prepared bj Mr Bibbiiaa, gives the approximate relative cost 
condensing appamtua for various degrees of vacuum.* If the figure errai 
all| it is on the low side. 
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per ct'iit. of Cost of Apjini-atu? fn 26" Vacuum. 
Km* 228,— Kolfttive Gout of High Vacuum Condcnxing Plant (Bibbmn). 

Figs. 229 and 1^30 give examples of the power expended in driving ' 

various auxiliivries, i 

Hitlicrto *vacuiun' has been almost exclusively referred to in itiq 




Hot wen Pumo' 



fOOO 



t&OQ Lo0d H W T, 2000 



2500 



fiQ, aiB,— Fi>wer Consumption of AuKilidtif .4, 2000 KwL Turbine* 
La-purolnkae ejcjK^iiitujii (Bibbnia), 

Mow utmos^therie />retjeffwre, and a 30-inch barometer has been the baai 
Gouimri^ui* 

The reasiin for this is that a liabit of thought hna bcien est^bliahed by 
tttaiidanl am uf vaeuiun gauges reading from au as* spheric presai 

of H(> iimhe^s. 'I'hia habit produces much confus' "ting reaulti 
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trials, as in 80 many cases the height of the barometer, which naturally is not 
always 30 inches, is not recorded. 

Vacuum gauges constantly in use cannot be relied on to half an inch either 
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230. — Relation of Power Gonsmnptiou of Auxiliaries to Station Output 
Johnstown ra. (Bibbins). 



way, and half an inch in the vicinity of 28 inches (30" bar.) makes a lot of 
difference when comparisons arc in question. 

When a vacuum of 24 or 25 inches, which is still common at sea, is spoken 
of, it is quite immaterial to half an inch what 
the barometer is, or whether the gauge is 
precisely correct. It is true that corrections 
and calibrations can be made, but this is a 
poor way out of the diflficulty. In turbine 
practice especially, where a vacuum is de- 
manded that approaches so closely to a 
perfect vacuum, it is highly desirable that 
the back pressure be spoken of as an absolute 
pressure. 

Now, there is no difficulty whatever in 
measuring the absolute pressure in the ex- 
haust pipe or condenser. The very simple 
barometer, as illustrated in Fig. 231, is all 
that is required, and by it the absolute 
pressure is measured in inches of mercury 
by the difference of level, quite independently 
of the pressure of the atmosphere. 

The readings of this barometer are also 
independent of the altitude (except in as far 
as this may cause the force of gravitation to 
vary — a practically negligible quantity). 
The absolute pressure barometer is therefore 

strongly recommended in all cases. It saves much trouble, and only costs a 
few shillings. 

Care, however, must be taken not violently to disturb the column of 




23 1 . — Absolute Pressure 
Barometer. 
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mtr^urj by opening and shuttiug cocka suddenly, &s in this m&^ the colunm 
la liable to break and to allow a bubble of air or water vapour to get into tbe 
iracuum side, when it iMicomes neceaaary to boil it clean again. 

It ia not necessary; as a nile, for tlie column to be the full 30 inch^ long, 
8 or 10 iiiuheB being quite long enough for ordinary puqx)Bes, For use, par- 
tienlarly i\i high altitudea, under non-coiidenaing conditions, a longer barometer 
ii ncccssfiry. It is perhaps unnecesaary to remark that a non^xnidensing 
OOndition at a high altitude differs vastly from a uon-condcnBing condition at 
aea-level. 

The increased use of this appamtus iu steam trials of both turbines and 
reciprocating engines is much to be desired, as with it would cotne the proper 
habit of thinking of a baek pressure aa Buch without reference to differential 
readings from a variable biise, the atmijspheric pressure. 

The effect of a variation of vacuum when superheated ateam is used is a 
little greater than with ordinary dry or stit united steam. A (though the 
steam is delivered to the condenser with less moisture iu it, the toti^l 
quantity to be condensed is still less for the same load than when there 
is no superheat. 

Further information on the effect of vacuum will be given under the 
heading " Thcrmo-dynamic efficiency," page 265, 

THE EFFECT OF SUPERHEATINa— The value of super- 
heated steam in increasing the economy of the turbine is the same as in the 
case of the reciprocating engine. There appears, nevertheless, as has been 
previously stated, to be a tendency for the rate of benefit to fall off more 
rapidly than is the case with the engine. 

The evidence on which this statement is baaed is somewhat scanty, and 
applies priiicijMiUy to the Pai-sons turbine. It does not, therefore, necessarily 
follow tiiat with other types that exist or may be arranged tlie effect will be 
precisely the same. 

The betieficial action of superheat has been gencraUy supposed to be 
mainly due to mechanical rather than thermal considerations. 

Entrained moistui-e in the sfeam has been proved to give rise to consider- 
able friction, and therefore the longer the steam takes to arrive at the dry 
saturated condition during its expansion the better* 

If we recognise that the specific hea^t of superheated steam is much greater 
than the formerly adopted value, '48, it will bo found that, unless the normal 
consnraptiou be very high, the benefit arising from superheating approiimates 
very closely to that obtainable theoretically. 

A glance at Fig* 232 will make this apparent 

The two theoretical curves have been ba^ on the sjiecific heat data of 
Chapter XIL A little variation from the specific heats thus obUiiued will 
not alter the inclination of the curves very much, but if 48 be taken, a com- 
paratively flat curve (see dotted line) is obtained. 

It is much to be regretted that there is not a greater consistency between 

the various turbine results plotted in the figure. The fact of the vacuum not 

being the same throughout has, of course, something to do with it ; but 

accepting the geneml results eii nto^e, tbe tendency appeaiis to be for tbem 

to follow the theoretical inclination* 

^ (In Fig. 232 the actual steam consumptions are recorded without any 

^^ corrections (by the author) for the various vacua* In the companion figa,, i 

^^ 233 and 234, the steam consutEiptions are corrected to 1 and to 2 lbs. back- 

^^ pressure respectively, in accordance with Fig* 223). 
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Au iiDportanl deduction that may be drawn from this cironmstance in, that 
may expect a better cojisumptioti from a turbine working with high siiper- 




¥ i u . 2 3 2. — E (fe<; t o f Sa j>etli w t, Co iisutnptiou a as jmbHshod* 

' heat when the general areas are designed to salt a flow of steam in thb initial 
I condition, than when arranged for initially dry steam and subsequently put 
to work with superheated steam. 

Many elaborate arrangements have been devised for superheating aud 
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rebeamg tlie tiUemm mX Tuiooi intermedkle parts of the taiiHne. In general 
tbex are. hoverer, too oomplicated for effident and regular service, uid the 
b e i* e 6t in eeooaaij deiiied firom their ue is diieflj apparent when new. 




Yui. 'J33. -Kir«*ct of Superheat. 28 inches Vacuum. Steam Consumption corrected 
according to Cuito C, Fig. 223. 



rnlcHH .superheaters and relieaterti arc of the simplest possible character, they 
arc apt to become a luiisiuicc. 

As in the ctuse of a higli vacuum, it does not necessarily follow that, 
bocaime the steam consumption may continue to improve with as much 
8Ul)erheat as can be given, to adopt a v lerheat is the most 
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>mical arrangement. The coal consiunption and upkeep of the apparatus 

.he determining factors. 

Geuerally, the most economical arrangement is for the superheaters to be 




m 120 ma fffO iSD 200 120 Z40 U6 2eo 3X 
Stip^rhe#c degrees r. 



Fio. 284. — Effect of Saperheat Consumptions corrected to 26 inches Vacuum (30" bar.) 
according to Curve C, Fig. 223. 



self-oontained with the boiler, and not to be separately fired. The ability t 
do this depends principally upon the size of the plant and the kind of co 
ayailable. For small installations there is little question that separately fir 
saperiieaiers do not pay, except under very skilful management of labour a 
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Messrs Babcock k Wilcox state that the evaporative efficiencies of their 
boilers are approximately as follows : — 

Boiler with integral superheater .... 75% 

Boiler together with separately fired superheater . 50 to 60% 
Boiler without superheater .... 73% 

This gives a maximum efficiency for the separately fired superheater of 
about 25% only (assuming that the boilers make dry saturated steam, and 
superheaters only do superheating. Generally the superheaters will have to 
do a little drying as well). 

Integral superheaters limit the superheat to about 300* F. as a maximum, 
the average being about 100** to 150*, which, according to statistics, appears to 
be the most prevalent range of superheating. The separately fired super- 
heater is capable of giving 500 or more degrees (F.) of superheat. 

The efficiencies given above are, prima fade, against the adoption of the 
separately fired superheater. Nevertheless, as a much higher superheat is at 
command, and as slack and refuse coal can apparently be more readily used 
for the superheater than for the boilers, the coal costs for separating firing 
may be made to approach those when the integral superheater is used, and 
under exceptionally favourable circiunstances may be lower. 

The following example will give a rough idea of how the coal costs may be 
varied. 

For a 3000 Kwt. unit, maintained at or about full load for fairly long 
periods, the following table may be drawn up :— 





Table XV 
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Superheated Steam. 




Saturated 




















Steam, 

without 

Suj>erheater. 




200' F. 
Integra] 




200' F. 


400' F. 

Separately 

Fired 






Sui)erneaU 


jrs. 


Superheaters. 


Superheaters. 


Approx. steam consuniptioii per 














hour (lbs. per kwt.) 


18 




15-82 




16-82 


12-85 


Total steaiii per liour (lbs.) 


64,000 




47,460 




47,460 


38,650 


Theoretical evaporative value of 














coal, lbs. of water per lb. of 














coal from and at 212" . 


14f 




14f 




141 


14f 


Efficiency of boilers per cent. 
Efficiency of superheatei-s ])er 


73 


) 
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78 


73 
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76 


- 






cent 


... 


) 






25-4 


25-4 


Lbs. of water evaporated per lb. 








f 






of coal 


9-28 


8-45 


I 


9-28 


9-28 


Lbs. of ste^ini superheated per 






1 






lb. of coal .... 






I 


25 


13-3 


Coal per hour, boilere 


5925 


; 


5620 


- 


6120 


4160 


,, ,, superheater 






1900 


2900 


Cost of coal, boilers . . (2240 


£3555 


- 


£3872 


I 


£3072 


£2490 


,, ,, superheaters, hre.) 


... 




£712 


£1088 


Total 


£8666 




/»o 




£378i 


£4878 
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The botweO temperature has been taken at 100' F* and the boiler press ur 
fki 160 lbs, absolute/ The specific heats of the superheatod steam are taken 
from Fig. 190, ^m 

The price of the boiler coal (peas) has been taken at 12a.j and far th^| 
superheatais 7s. 6d. per ton. These are, of course, more or less arbitrarj ' 
prices. 

If ' amiidge * at, saj, 5s, per ton be used in the superheaters at the same 
effick'Dcy, the total coal costs beeome £3555, X33T2, ^3547, £3215 reapec- 
tiv^ely, and it might pay to use the very higb sviperheat. Otherwise, unlf^^H 
there is some such rela'ti^'^e difteroncc in the price of the coala as above, the™ 
mt^Tul su[ierheater, with a moderate superheat of from 150° to 200" F., must 
offer the liesit eeonomv. 

THE MEASUREMENT OF SUPERHEAT"-The thermo- 
raetrie problera involved in measuring the tenijierature of steam is by no 
means insignificant. 

By placing the thermometer in various positions and in different ways 
one nmy obtain almost any reading but the correct one, and it is often very 
difHcuIt to know when tlie readings are really reliable. The fault is not with 
the thermometer (for we are not concerned with fractious of a degree, and 
therefore do not require laboratory accuracy), but with the method of 
application. 

The mo6t satisfactory calibmtion of the system is to observe whether the 
saturation temperature is registered when steam that m just wet is pasaing. 

For thiw purpose the superheaters must be shut off altogether, and tiot 
manipnlated until it is merely assimied that Hatumted steam is passing. 

The thermouu'ter must be placed at such a distance from the boilers that 
conduction of beat from the furnaces does not affect the readings ; also it 
must not be placed where the colder parts of the turbine can cause the 
readingB to be low. 

The bulb of a glass thermometer cannot very weU be placed in direct 
contact with the steam, nnless made specially and calibrated for external 
pressure. Moreover, the corrosive action of hot Ingh -pressure stean^ on the 
thin glass bulb Hoon spoils an expensive instrument. 

A thin metallic case, into which the thermonieter can be readily inserted, 
IK therefore necessary. 

The ease is usually filled with cylinder oil, and the bulb and a conHidemble 
length of the stem should be inmiersed in the oil. It is of no use to simply 
plae^ the thermometer in the ca^o— or cup, as it is generally called — without 
any conducting medium between the cup and the thermometer. 

The eup nnist not only just protrude into the steani space, but should he 
well immerKcd in the steam. Neither must the cup be placed in a ipiiet 
out-of-the-way corner or cul-de-^ac^ hut must he in midstream. A low rcadtt^^H 
of 60 or more degrees is easily oh twined by neglecting this point. ^H 

Another most vital point to be observed is that the thermometer cup 
must be insulated from the vessel in which it is placed. Without doing thi^ 
the thermometer may by chance give a correct reading while being calibrated 
at some saturation temperature, but more often than not there will be an 
error of 20*, 40°, or more. Further, if correct at one temperature^ it by no 
iDcans follows that radiation and conduction from the thermometer fittings 
are constant at all temperatures. | 

The exposed part« of the thermouieter cnp fittingii should he lagged. It i 
mim ett»y matter to let 10 or more degreetj radiate away by neglecting thk* 



254 



THE TinWBT OF THE 8TKAM TURBINE. 



I 



^Asb^stos doth 

-Grumnjets 



^teQt cup 




lagging (often 
omitted or torn 
away arouftd 
thmrmometer 
fittings 



Thermometer Fittings. 

Fio. 235.— A Right Way. Fio. 236.— The Wrong Way. 

Fig. 236 represents a very common method of applying a thermometer to a steam 
pipe or vessel. It may easily give an error '^^ '^r more low reading. 
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aud a wrong way of fitting 



Figs. 235 and 330 illustrate a right 
ibcrmometer to a steam pipe or charober. 

There are two other kinds of thermometer tliat are applicable to the every- 
day measurement of superheat — the mercury thermometer, in which the bulb 
IS of metAl and the expansive force of the mercury ia caused to operate a 
pointer, and the electric resistance thermometer. Both these instruments 
have been greatly improved during the last few yeara, and they can now he 
relied upon, if not abused. 

They are, as a nile, much more convenient than the glass-mercury ther- 
mometer, as the dial or recorder can be placed a long way from the source of 
beat* 

The Steinle ateel-mercury thermometer, for instance, can operate its dial 
pointer accurately at distance up to 50 yardsj and the electric resistance 
thermometer, with the Whipple or Callender recording apparatus (made by 
the Cambridge .Scientific InBtniment Co,), can register accurately a mile away 
from the source of heat. The remarks aa to fitting the ordinary thermometers 
to the steam pipes, etc. apply with equal force to these more elaborate inistru- 
tuents. It IS quite an easy matter to make them register anything but the 
correct temperature of the steam. 

Having arranged the thermometer fittings to give reliable readings, it 
appears very desirable that, wherever possible, steam consumptiou trials 
should be made with superheated steam and not with dry saturated steam or 
with 'dry steam.* 

A very great differeuce b made with a few fractious of wetness, so that it 
is reasonable to take dry steam tests with some dryer {not ' separator *) in use, 
but to prevent the abuse of this convention a thermometer fitting standardised 
on the above lines is a desideratumi As no such standard h in general use, 
the majority of * dry steam ' results published are to be suspected. 

It is therefore much better to have a thorough superheat condition, 

stead of attempting to be exactly on the borderland between the two 

ounditions, one of which the thermometer is incapable of measuring at all. 

Four or five degrees are not enough to allow for oscillations of apparently 

ady load, vacuum, pressure, and superheat. Tlie saturation temperature 

\ should not be approached within 1 5 degrees F. at least, if the trial is to be of 

any comparative value, 25 degrees F, is a suitable starting-point for a 

BOTJes of trials. 

The dry steam consumption can be estimated far more accurately from 

two or three careful superheat trials by simply prolonging the consumption 

curve set out on a superheat basis (as Fig, 232) than it can be by direct 

MDeibsurement. 
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GBMHRAL STEAM CONSUMPTIONS.— In Figs. 237 to 243 
are plotted various steam consiimptions of turbines that have been published 




Fio. 287. — Steam Consumptions. Parsons Tarbines with 27-inch Vacuum. 0"* superheat 

from time to time. Tables XVI., XVII. give the full load consumptions of 
turbines and reciprocating engines of various sizes. The figures have been 
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abstracted from a variety of aooroes which it is nnnecwwaiy to tabulate. It 




xsfc W^ i^B^rtUtt iViwumptious. Parsons Turbiiu's withj28-iiich Vacuumland 0' superheat. 



.^vSMi* »w M4U ^i pl»w^ h^w to criticise then ^ they must be left 

.. ^^^^ su 4Wa4«J^o*. Mifechiiiconsister "4I between units 
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of eyen similar size, but it must be borne in mind that it is exceedingly diffi- 
cult to run any two series of trials on different machines and in different 




Fio. 289. — Steam Consumptions. Parsons Turbines with 28-inch Vacuum 
and 70** to 90** superheat. 

places imder precisely the same conditions. So that — excluding the personal 
element — ^when varioiis allowances and corrections have been made for a 
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FiQ. 240. —Steam ConroinptiQii 
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different vacuum or back pressure, superheat, initial pressure, inconvenient 
speed, the way the water is measured, efficiency of generator, and a few other 




Fio. 241. —Steam Gonsamptions. Rateau and Zuclly Turbines. 



minor items, it is probable that the results would show a closer harmony. A 
similar chaotic condition obtains for reciprocating engine trials. Matters are. 
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com- 



uevertheless, showing aigns of improvement — mostly as the result of 
mejcial competition. 

tn the present diagrams (except Figs. 233 and 234) no corrections of any 
kind have been m^e by the author. In some cases, where a nominal over- 
load has been performed without the use of any bye-pass arrangements, this 
has be^n plotted as the full or maximum load, the lighter loads being pro- 
portioned accordingly — otherwise it would tend to give a false indication of 
the relative no-load consumption when that is obtained by extrapolation, 

A perusal of tabulated results of trials and of individual curves of con- 
sumption does not convey very ranch infonnation as to the relative 
performances of the machines on acoount of the number of variables present, 
the moat imix^rtant being initial pmssure, back pressure, and quality of steam. 




2C ZS 30 

Brake H(^m9 Power 
Flo* 243.— Steam CoiisiHnptioji of 60 HJ\ De Liivikl Turbine, 
(Modeft Engintcri^ig, D«c. 20, 1905). 

Tlie total steam linea liavu been added by the author in order to indicate the ajiprf^xiniatcj 
relAtion of the conaumptiuuB at no-load and fulMoad ai!» in the other diagmms^. 



I 



Much more information is conveyed by comparing the thermodynamic 
efficiencies, for by this nicaue arbitrarv * corrections ' are not reqnired, 

THERMO^DYNAMIC EFFICIENCY,— This term is used for 
the ratio 

Work done per lb. of steam 
Work available per lb, from complete adiabatie expansion 

Theoretical consumption per LH.P. (or equivalent) 
actual conmimption per LH.P* 

The theoretical consumption is obtained from the pressure and temperature 
conditions^ and may l>c found by the thermo-dynamic forraulie (M), (12), etc., 
or by Diagram A. 

The turbincj however, is at a disadvantage^ in that the ©tinivalent LH*P. 
can only be very indirectly estimated from a knowledge of the general i 
internal resistances > 
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back pressure decreases, thus allowing temperature oiciUatioiii and coniequent 
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Fig. 245 exhibits the variation of ET efficiency of the turbine and 
l4ii the reciprocating engine for the range 1 to 15 lbs. absolute back 
pressure. 

The method adopted is that of constructing an average curve from as 
many published results as can be obtained, and thus avoiding any discussion 
as to why some are exceptional in either direction. 

It wUl be seen that the reciprocating engine zone lies entirely above the 
turbine zone in the non-condensing vicinity, and the average curves only just 
intersect at about 1^ to 1 lb. pressure (27 to 28 inches vacuum). 

Since, then, the efficiency of the turbine remains practically the same 
(refer also to Bateau's low-pressure turbine. No. 89) whatever be the 
pressure range, and that with full expansion the reciprocating engine is 
superior to the extent of 15 to 20 per cent., it follows that the turbine is 
at present an inferior heat engpine. 

Furthermore, we may conclude that were it not for the fact that the 
efficiency of the reciprocating engine degenerates with a decrease in the back 
pressure owing to a practical (but not essential) disability, the turbine would 
have had a far greater struggle to find a place in engineering — which, like 
many other things, is somewhat subject to the dictates of fashion. The struggle 
has been modified by the concession of an extra expensive condensing equip- 
ment and by an appeal to the market with a comparatively low initial outlay 
for the turbo-plant. The former requires favourable conditions for it to pay 
for itself ; the nett financial result of the latter depends on that of the former 
and many other items, such as repairs, maintenance of plant, economy, etc. 

THE ECONOMICS OF CONDENSING.— One of the most 
important factors in the financial problem about to be outlined is the * load 
factor.' 

The Load Factor of a power plant, or any unit of it, is the ratio of the 
average output to the maximum. 

Thus if in an electrical installation 

M = maximum kilowatt output, and 
K = total output in 7i hours, 

the load factor for that period is — r-. 

Mn 

This is commonly expressed as a percentage. 

Thus the load factor = ^^^ 

Mn 

The period usually taken is a year, and the load factor 

_ total units generated x 100 
~ max. load x 365 x 24 

The load factor must not be confused with a partial load condition of 
working at any moment, such as J load, which is known as the * working' 
load.' Where, as in a lighting station, the daily cycle is a regular rise and 
fall of load, it may be possible to arrange a set of generating units so that 
each unit may, for the time it is running, work nearly fully loaded and at 
highest economy. 

On the other hand, where there are large fluctuations in the load, 
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Bucli m may oceiir in electric winding or tfaction statiouja, this cannot 
be arranged, mid thtj average working load is considerablj less than tlie 
full load. 

It will be seeoj thensfore, that the selection of tsmin and auxiliarj 
plant ia guided by three oonsidemttonus : the average working load of 
mdiYidiial unitis the load factor of the ^me^ and the load factor of the 
whole plant. 

It is impossible to say what will be the best back pressure for a oertain 
ca«e wJtiiout a very close iuvesttgatiou of all the variables which affect the 
financial aspect. The complication of the problem b shown hy the following 
list of the main points which are relevant to a oooiideration of the moei 
aoonomical back presauro. 

Brieflj stated, the main featare uf the problem is that the most economical 
back pressure is that at which the rate of decrease of the coal cost is equal to 
the mte of increase of the capital and other charges on the condensing plants 
or incurred by the hiatallation of that pknt. 

The coal cost for the unit depends upon ; — 
(1) the steam consmnption ; 
^2) the steam consumption (or equivalent) of the oondenser auxiliaries ; 

(3) the load factor ; 

(4) the price of the coaL 
The capital and other charges v&ry with — 

(5) the interest on capital cost of condeusmg plant j 

(6) the interest on cost of buildings and masonry, occasioned bj the nae 
of the condensing plant ; 

(7) depreciation and repairs of the same ; 
/S) rates and taxes for the same ; 

"(^peo^ of cooling water ; 

(10) sa^g effected by reduction of boiler power. 

the latter item does not enter the problem at all, as the 
be sufficient for an overload, non-condenBing and other 



As a rul 
boilers have 
emergencies, 

In special 
may even su; 
[aigument whi^ 



ies, special pointe may arise beyond those given above, and 

them in importance. It will be cleorj therefore, that any 

attempts to deal with all contingencies will be too involved 

and curabereoiic to be of value. Accordingly, the method of determining the 

most eeonomEal vacuum or back pressure will be better indicated by an 

example, sucm as may reasonably occur in practice. Tiiis example is not 

intended to iiiatitute any particular Ijack pressure as suitable for average 

kpplicjition, but to serve as a guide to the solution of particular cases. Every 

must, of course, stand on its own meritSi and will therefore have its own 



-Take a 1400 kilowatt turbine. Let the price of coal be 9a. 
Mf llMl ftod the load factor 13 per cent, (a value common in practice, 
althotigli Ili9 ftrefige is not quite so high as this). First obtain prices 
for mi^i tt i^ «ffiete!iit eondeusing plants to g^ive two or three di^ereot 
btt^k pWi»iti««t or given a price for (say) a 2 lb. lm*.4- pressure plant; 
\tk^ M»ucM3uiiiiit^ pHctts for plants to give L|, 1 lb., etc., nmy be obUiined 
hmnk MM hiTt'* 9ttW«w t%t 328. Suppose aUthe capital and maintenance 
C^ lli^ ^ilOMMling plant (items ^^^HT '^) ) amount to 10 per 
1^ i)^ -Ti|^*11* ^*mK ^ ^>7 favou'' ie, We then have 
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Baek 
PreaBOTe 
Iba^aba. 


Inchea 

Vacuum 

(WTbar). 


Condensing Plant 
GftpitalGoat. 


Rate of Increase 
per i lb. (or T). 


Ditto at 10%. 


8 

u 

1 

i 


25 

26 

27 

27J 

28 

284 


£ 
1025 
1250 
1525 
1710 
1070 
2500 


£ 

22*5 
275 

445 
790 


£ 

2'2*5 
27*5 

44-5 
79*0 



Let the expected steam oonsiimption of the turbine at working load be 
21*2 lbs. perkwt. at 1 lb. back pressure. The consumption at other back 
pressures are found from the mean curve C, Fig. 223, and are given in column 
A of the following table. 

The steam consumption of the condenser auxiliaries will be about 1^ times 
greater per H.P. than for the turbine. Let the estimated steam consumptions 
of these auxiliaries be as given in column B in the following table ; then the 
effective consumption per kwt. will be as shown in column C. 



Back 
PreosDie 
lbs. aba. 

? 

H 

1 
i 


Vacntim 

Ins. 
(80* bar). 


A. 

Steam Consomption 
ofTurbme, 
lbs. per kwt 


B. 

Steam Consumption 

of Auxiliaries, 

%ofA. 


C. 

Effective Steam 

Consumption of 

Turbine. 


25 

26 

27 

271 

28 

284 


28*6 

22*9 

221 

^1*64 

21-2 

20*8 


8 

8*4 
5-26 
6-9 
9 
12 


24*8 

28*68 

28*21 

28*14 

28*1 

22-78 



The yearly coal cost = 

Kwt. capacity of unit x load factor for the unit x effective consumption 
per kwt X price of coal (shillings) x constant -f overall evaporative power 
of boilers. 

^ 8760 hours ,^^^ 

The constant « 22 4O x 20 ^ 

The overall evaporative power of the boilers will be about 7 lbs. of water 
per lb. coal. 

The yearly coal cost then works out to 
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The generally higher thermo-dynamic eflBciency of the reciprocating engine 
in the previous section also enters into the problem, so that it 
I necessary to consider the relative economies of the two types of plant 
./talore arriving at a decision as to which is the more suitable for adoption. 

The above may be supplemented by the further points which may influence 
tiie decision. The steam consumption of a turbine cannot possibly improve 
with the working, although with some types it may not deteriorate much. 
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With turbines having dummy pistons it has been shown that a few 
thousandths difference in the clearances makes an enormous difference in 
the steam consumption. 

The turbine condenser and low-pressure turbines are also subject to the 
risk that in the event of the high-pressure vanes stripping, which has 
happened with unfortunate frequency in type 4, the condenser and otb' 
low-pressure parts are likely to be subjected to the full steapi pressure, resu 
ing in considerable danger unless provision is mad^ fpT such an emergency. 



CHAPTER XVL 
THE WHIRLING OF SHAFTS- 

CoNTlNTS :— The Whirling of Routing Shafting— Critical Velocity— Masdeas Loaded Shaft 
— Orerhung Shaa— Shaa Suu^rted at both Ends— Shaft Fixed at both Ends- 
Example of Elementary Multi-Disc System — Speed of Turbines. 

THE WHIRLING OF ROTATING SHAFTING. — When a 

shaft at n>8t) supported between bearings, is released after a lateral displace- 
ment, it will vibrate with a frequency which we will call K, and which depends 
on the dimensions of the shaft and on its elasticity. 

If the shaft be rotating with an angular velocity », and be similarly 
disturlHHl, the frequency k of the vibration will not be the same as the 
frequency K when at rest, but will be less. 

The centrifugal forces arising from any displacement of the mass centre 
from the centre of rotation are opposed to the righting forces of the vibration, 
{M> that the sliaft t^kes a longer time in moving from its extreme displacement 
to its central jxisition- -in other words, the frequency is decreased. 

Taking the simplest i^ase of an unloaded shaft, it can be shown that 

iH-K«-«5 (1) 

As •» increases k diminishes, aini when m » K the righting power vanishes 
aUi>^^ther. When the sliaft niches thb condition it is in danger of breaking 
if the sjHHxi is kept const«uit« 

We nuiy thus imagine a shaft at rvst emitting a certain note when struck 
5i\nuowheiv in the mividK\ and that^ a^i we rv>tate the shaft with a gradually 
iuorw^uaug veKvit\\ the in^te which it emits when struck periodically during 
this prvx\>5!s Uwuut^ lower aini lower, imtil finally the vibrati<Mis cease, and 
tho sh.^n K^ins to whip or whirl in the same way as we may whirl a cord 
hoU »^t its oxlnnwities by the tii\g^rs< 

Tht\s\^ ijvnci^l fi>aturvs hv>Ki fvvr loaded shafts^ although a complicated 
systoiu vxf Kvidiug iutr\\iu\vs mor^ or less cvnuplicated modificatkNis of the 
^\vrx>^xilv^ \n\vt>s8v 

*rhor^^t\xrt\ in vXMVskieriixg the eHvvl of any disturbing forces that may 
act KMi A n^atix\^ *haft. what we ha\t» to kx>k to is tke fr^qamcif of ike 

Ur t'hre^ was ap(Miurv(Uly the fiist to jxxiut out the true nature of whirling 

CRITICAL VELOCITY '-The v^vity at which whirling occurs 
AM the eritix't^l vvkvily^ 
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When the shaft has a mass affixed to it, say a disc, as in Fig. 247, the 
phenomenon is the same, except that the mass, inertia, and position of the disc 
modify the numerical value of the critical velocity. 

In a horizontal system, when the centre of gravity of the mass does not 
ooincide with the centre of the shaft — which is always the case in practice — 
we have a disturhing force in the system itself, instead of one externally 
applied as in the previous supposition. 

The applied disturbance also need not necessarily be a blow. In the case 
of a plain unloaded shaft the vibration is easily set up from the pulley and 
belt or other driving mechanism. In the case of a turbine disc, even if 
perfectly true, i;he action of the steam on the vanes is quite sufficient to set 
up the vibration. 
Let 

E = Young's modulus (4-32 x 10^ lbs. per sq. ft.). 
p = density (500 lbs. per cub. ft.). 
a = area of section (square feet). 
I — length of shaft (feet). 



M| = mass of an applied weight { — ). 



y = deflection of shaft (feet). 

b) = angular velocity (radians per sec). 

I = moment of inertia of shaft about a diameter perpendicular to 

the plane of bending. 
I^ = moment of inertia of an applied weight similarly taken, 
u) = critical angular velocity. 

A first approximation to the ascertainment of the critical velocity, in the 
case of elementary systems, may be made by using the common expression 
for the deflection of a beam or shaft. 

LOADED MASSLESS SHAFT.— Assume that in Fig. 247 the load 
— in the form of a thin disc — is not thrown appreciably out of square or its 
normal plane of rotation. 




Fio. 247. 

Let D be the position of the centre of gravity of the disc, and CB the 
deflection of the shaEift at some particular moment. 
Then, approximately, 

(Pi/ Bending moment 
^~ El 

Therefore y=?xc 

where P is the force applied and c a constant depending on the size of 

shaft, and in the case of more than one bearing, on the type of those beari 

The centrifugal force of the rotating mass has to be balanced by P. 
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™ critical velocity occurs when A; — 0, so that 



0)2= 12-46 
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(2a) 



. (*) Loaded Massless Shaft— load at end.— The critical velocity is 
^^^^ from the rather complicated quadratic (Chree-Rayleigh) 

^.„,,^<^*M!.>J|!L).i3(^J.o . . (3) 



fl 



}fiii////M 



\y/my/4 



This is most conveniently solved by putting in the various numerical 
"^lies of the coeflBcients at once. The negative root does not apply to the 
^^^ If the effect of I^ is small, as is generally the case, I^^ may be omitted, 
^^ we have, as a second approximation, 



,^3EI/ 9J3^\ 



^tid as a first approximation, by omitting I^ altogether, 

-9 3EI 



M/ 



(3a) 



(Sb) 



This is identical with the expression obtained directly by the method of 
fixBt approximations given on the previous page. 
(e) Loaded Massive Shaft — load at end. 



(1^ 



1:- 



By his simplified analysis Dr Chree obtains 



apl* 



M/_3V 
12-73EI 3EI 4EI 



(4) 



Professor Dunkerley, by an extensive series of experiments on whirling 
shafts of elementary form, has devised a semi-empirical formula as follows : — 
Let 0)1 be the critical velocity of the unloaded shaft {i.e. by (2) or (2a)). 
Let (Og be the critical velocity of the loaded massless shaft (i.e. by (3), 

(3a), or (36)). 
Let C) be the critical velocity of the system. 



rpu 11^1 
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SHAFT FIXHD AT BOTH ENDS.-(a) Unloaded Shaft- 
By the Euler-Bemoviilli method Dunkerley obtains 



apl* 







and Chree, by his simpler method, 



EI 

0)2 = 504-74 



D 



^^^" 



i/Z/Z/A, 



J 



Y'^^ 



As a second approximation, by omitting I^^ 

-2_ 3EI^ J l^+9Ii(a-6)2) 
"^ "M^aSftM 4Mia262~ J 



(9) 



(9a) 



(6) Loaded Massless Shaft. — co is found from the quadratic 
M,I.^^+ { 4M,El(U-;)- 12EII,(i34) } .^= 12(«-±-7(EI)^ (10) 



And as a first approximation, 



3EIZ3 
= Mia363 



(c) Loaded Massive Shaft.— From (5), (9), and (lOa), 

1 = «P^^ Mia3&3 3 I^a6(a-6)2 
a»2 500-6EI"*" 3EIZ8 '*4 EIZ^ 



. (10a) 



(106) 



(11) 



mm 



.Ml 
// 



J^^ 



T=r 



^ 



In all cases, the analysis shows that the general form of the equations is 

^2=K2-a<i,2 

(A; is in all the above expressions given for the critical velocity) 
and thus under suitable conditions it should be possible to obtain the criti* 
velocity by observing the frequency (or note emitted when struck) of a syst 
of shaft and weights when at rest, and at any arbitrary speed of rotation. 
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Taking in all cases the first approximations, that is, assuming that Ij is of 
leUiiyelj small effect, and that the general error in balance is uniform and 
▼eiy small, the values of 012, oi^ (o^, etc. are symmetrically disposed, so that we 
need only calculate them for half the number of discs. 

The following particulars can thus be obtained : — 



Naof 
Disc 


a 


a' 


b 


ft3 


a^fea 


1762x10'* 


1.20 


2'-4' 


5-42 


8'-8'' 


75-1 


407 


4-3 xlO* 


2,19 


2'-8' 


7-1 


8'-4'' 


69-4 


492-5 


8-59 „ 


8, 18 


S'-O' 


9-0 


8'-0' 


64 


576 


3-06 „ 


4,17 


3'-4^ 


11-1 


7'-8^ 


68-8 


653 


2*7 „ 


5, 16 


8'-8'' 


13-4 


r-i" 


68-9 


722-5 


2-44 ,, 


6, 15 


i'-or 


16 


r-o" 


49 


786 


2-246 „ 


7. H 


A'-A' 


18-8 


e'-s' 


46-7 


859 


2-052 „ 


8, 13 


i'S" 


21-75 


6'-A' 


40-1 


872 


202 „ 


9, 12 


5'-0' 


25-0 


e'-o" 


36 


900 


1-96 „ 


10, 11 


5'-4'' 


28-4 


b'-S" 


32 


908 


1-94 „ 


Mean 2*68 x 10* 



By Donkerley's formula 



1 



20 



"^2248x10^"*" 2-63x10* 
= 76x10-5 

(the critical velocity of the unloaded shaft is obviously negligible) 

0^2=1316, d> = 36-2 

n = =5*77 revs, per second 

27r ^ 



or 



N = 346*2 revs, per minute 



A multi-disc turbine arranged according to the rough dimensions here taken 
would have a speed of about 2500 revolutions per minute. The working 
speed is therefore about seven times the critical speed. Taking second 
approximations instead of first, the critical W speed works out to about 
363 revolutions per minute — a trifling difference. 

As the critical velocity to^ of the unloaded shaft is quite negligible, 
it follows that the critical velocity of the shaft if stepped and swell^ up in 
its middle portions is much more negligible. In very many cases this condi- 
tion of affairs fortunately holds good, and we do not have to go to the great 
labour of finding out the deflection for a shaft of varying diameter. If, 
however, this should be necessary, it may be pointed out that the only feasible 
method is by graphic construction, for which the reader is referred to books or 
graphic statics or applied mechanics. 
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In Figs. 248, 249 are plotted the speeds of actual turbines, and the space 
between the extreme curves wiU give what may be termed the practical zone 
of speeds. 

SPEED OF MARINE TURBINES.— For the marine turbine 
the speed should be as low as possible, on account of the difficulty in obtaining 
a high efficiency with fast running propellers. 

Matters are helped considerably by the advantageous system of multiple 




1000 2000 3000 4O00 

Revs. Per Mi n. 
Fio. 248. — Speod of Parsons Turbines coupled to Electric Generators. 



5000 



propeller shafts — three being the usual number. The turbine is then split 
up into one high-pressure and two low-pressure units, and thus the very large 
total number of stages required to deal with the range of pressure and a low 
speed of revolution is somewhat disguised. 

In Fig. 250 are plotted approximate speeds for marine turbines of the 
Parsons type. This diagram shows that on the basis of horse-power alone 
previous practice is not a guide to a suitable speed for a marine turbine. 

The centre shaft need not necessarily rotate at the same speed as the port 
and starboard shafts, although it appears to be desirable that they should. 

Recent examples are as follows : — 
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H.M.8, **Ameihj%r 
H.B, ''Londonderry" 
8.8. *' lUnxniAD " . 
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2000 
Revs, per min. 



3000 



Flu. 1240.— Spued of Curtis Turbines coupled to Electric Generators. 

When the propellers are siiuilar to each other and the iutended power is 
therefore about equal, it does not appear to be an easy matter to induce the 
shafts to revolve at the same speed. The wake exerts a great influence in 
varying the efficiency of each propeller. In the three-shaft arrangement and 
witli similar propellers the effect of the wake on the naturally unsymmetrical 
directions of roUvtion Uikes the form of a tendency for the wing shafts them- 
selves to rotate at a different speed. In the four-shaft arrangement the speed 
of the outer shafts likewise tends to differ from that of the inner shafts, 
according to peculiar circumstances. 

In tracing the rapid history of the marine turbine it is to be observed that 
. considerable difference in the speed of the inner and outer shafts was 
rranged for in the earlier vessels, principally with the idea of keeping the 
liameter of the low-pressure turbines small. It was found, however, that the 
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^MCffifiee was being made at the wrong end, and that it was better to adopt 
^Kuger propellepa with a slower speed. TJie later designs therefore aim at 
^■HLTing all the shafts to rotate at the same speed, 

^B CavitatiODt or the formation c>f a va<;uoii8 space at the back of the pro- 
^Beller binder, due to the water not having time to follow up, i^ the great 
^Kff>i,i}i1f» Vfilh ffi^t r'lnniTif' nrf>TM^UfifM, Thp iTmitinf* tftiRJon tvf whirh the 




^Krater can be torn asunder in this way seems to he about 12 lbs. per square 
^Btieh at 13 inches immersion, that is to say, the water uwiai not be thruat 
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FlO, 250. — Speed of Marinfi Turbines (not inchiding * Df«troy»re')* 

from the propeller along the race with a greater pressure than about 12 
ser square inch on a plane 1 2 inches below the surface, 
riven the thmst coiTespondiiig to the power and speed of the vessel, the 
eller s\jrface must be nuide large enough to satisfy the above condition, 
fn the other hand, given a certain speed of revolution, the peripheral 
1 of the propeller may be so great in order to provide sufficient surface 
he thrust that great disturlmnce or cavitation at the tips is with diffi- 
r avoided, It is therefore important that the turbine speed shall bo 
rmined from the propeller data, and not mce t^na^ as is a common 
tice with reciprocating enginee. 

^he most favourable dimensions for turbine propellers have only bcei 
tained by costly and iirduous experimenting, and even now the deter 
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where B.H.P. is the brake horse-power at the tail shaft, and K the speed of 
the ship in knots per hour. 

The B.H.P. is most profitably found from the resistance of a model of the 
vessel, but in the absence of this means the power must be estimated in the 
usual way. 

An example will illustrate the general procedure to be adopted m 
determining the speed of the turbines. 
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Peripheral speed of propeller 
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Fio. 252.— Propeller Thrust Pressure with Turbines. 



Bjxample : — 

The estimated B.H.P. of turbines to propel a given vessel at 20 knots is 
15000,-5000 on each of three shafts. 



Then 



260 X 5000 
20 



65,000 lbs. 



The class of vessel admits of the assumption of a peripheral speed of pro- 
peller of 8500 feet per minute. 



288 THE THEORY OF THE STEAM TURBINE. 

Then by Fig. 252 the working mean thrust with the propeller tip 
immersed 12 inches is about 8 lbs. per square inch. 
The surface of the reference propeller is therefore 

65000 .^.. . . 

- — —7-, = 56 5 square feet 
8 X 144 

Assuming the ratio of ? — i^ = -45 

disc area 

56*5 
the reference disc area Aj = 1-— =125*7 square feet 

*45 

giving a diameter of 12*65 feet. 

In making the adjustment for the actual immersion of the propeller, it is 
best to refer to a constant peripheral speed. Thus the 8500 feet per minute 
selected above will be the speed of the actual as well as of the reference 
propeller. 

Let Aj be the disc area of the actual propeller and h^^ h^ the immersions 
of the centres. 

Then k^(h^ + 33) = k^(h^ + 33) 

From a preliminary design of the vessel it is estimated that the actual 
immersion h,j, will be about 16 feet. 

Therefore A^^l^^Pf^ 

^ 16 + 33 

= 103*5 square feet 

= 11*5 foet diameter of propeller 

Revolutions = _-_5 = 235 per minute 

In the earlier vessels, the difficulty of obtaining sufficient propeller surface 
was partially overcome by fitting multiple screws on the shafts, several vessels 
having 3 on each shaft. 

Progressive experience, short as it has been, has, however, shown that a 
better efficiency is to be obtained with single screws, and multiple screws are 
therefore only warranted under exceptional circumstances of power and 
draught of the vessel. 

Tlie foregoing is not intended to deal effectively with the many peculi- 
arities and diversities of propeller design, but to indicate the method of 
arriving at the speed of the turbine. 

Table XIX., compiled by Mr E. M. Speakman,* gives particulars of marine 
turbine installations to date. 

* Proc. List. En{fiveers and Shipbuilders in Scotland^ 1905. 



t KxtiJi copies of Diagnini A may bo obtained on application to the Publishers, 
Cliailes Clrirtin & Co., Lt<l. 



TABLE XVIII. 
PROPERTIES OF SATURATED STEAM. 



AbMlate 

Preasore 

lbe.per 

■q. b. 


Temperature. 


Utent 


Speciflc 
Volume, or 
Volume of 

1 lb. in 
cub. feet. 


A^bMlute 

Preisure 

lba.per 

■q. in. 


Temperature. 


Latent 
Heat. 


Specific 
Volume, or 
Volume of 

1 lb. tn 
cub. feet 


tFahr. 


r Absolute. 


Ue«t. 


IFahr. 


r AbMlute. 


•6 
1-0 
1-6 
2-0 
2-5 
8-0 

3-6 

4 

4-6 

5 

5-6 

6 


80 
102 
118-2 
126-9 
185-3 
142-2 


541 

563 

579 2 

587-9 

596-3 

603-2 


1058 

1042-5 

1032-6 

1025 

1019-1 

1014-5 

1010 
1006-4 
1003-1 
1000 


640 
335 
225 
172 
139 
118 


52 
54 
56 
58 
60 


288-5 

286 

288-5 

290-5 

292-6 


744-5 

747 

749-5 

751-5 

758-5 


915-2 

913-6 

912 

910-4 

908-9 


8-11 
7-88 
7-57 
7-82 
7-09 


62 
64 
66 
68 
70 


294-5 

297 

299 

801 

808 


755-5 

758 

760 

762 

764 


907-2 
905-7 
904-2 
902-9 
901-4 


6-88 
6-67 
6-47 
6-28 
6-11 


148-2 

158-5 

158-5 

163 

166-8 

170-2 


609-2 
614-5 
619-5 
624 


101-8 
89-6 
81 
73-5 
67-2 
62 


627-8 
631-2 

634-5 

637-6 

643-6 

649 

653*8 


997-3 
994-8 

992-5 

990-2 

986 

982-4 

979 


72 
74 
76 
78 
80 


305 

806-5 

308-5 

310 

312 


766 

767-5 

769-5 

771 

773 


900 

898-5 

897-2 

896 

894-7 


6-96 
5-81 
5-67 
5-58 
5-4 


«-6 
7 
8 
9 
10 


173-5 

176-6 

182-6 

188 

192-8 

197-4 
201-7 
205-6 
209-8 
212-8 


57-7 

53-7 

47 

42 

38 


82 
84 
86 

88 
90 


818-5 

815 

317 

318-5 

320 

321-5 

323-5 

825 

826-5 

327-5 


774-5 

776 

778 

779-6 

781 


898-6 

892-4 

891 

889-9 

888-8 


6-27 
6-15 
5-04 
4-94 

4-84 


11 
12 
13 
14 
15 


658-4 
662-7 
666-6 
670-3 
673-8 


975-7 
972-7 
969-8 
967-3 
965-5 


34-7 

32 

29-8 

27-8 

26 


92 
94 
96 

98 
100 


782-5 

784-5 

786 

787-5 

788-5 


887-7 
886-6 
885-5 
884-4 
883-4 


4-74 
4-64 
4-56 
4-47 
4-39 


16 
17 
18 
19 
20 


216 
219 
222 
225 
227-5 


677 
680 
683 
686 
688-5 


963-1 

961 

958-6 

956-7 

954-6 


24-5 
28-2 

21-9 
20-8 
19-9 


105 
110 
115 
120 
125 


331 

334-5 

838 

841 

344 


792 

795-5 

799 

802 

805 


681 

878-6 

876-4 

874 

872 


4-19 

4-01 

8-85 

3-7 

8-57 


21 
22 
23 
24 
25 


280 

232-5 

235 

237-5 

240 


691 

693-5 

696 

698-5 

701 

703-5 
705-5 
707-5 
709-5 
711-5 


952-8 

951 

949-2 

947-5 

945-9 


19-0 
18-2 
17-6 
16-8 
16-1 


. 130 
135 
140 
145 
150 


347 
350 
353 
356 
358-5 


808 
811 
814 
817 
819-5 


869-7 
866*6 
865-6 
868-7 
861-7 


8-44 

8-82 

3-2 

8-1 

8-01 


26 
27 
28 
29 
30 


242-5 
244-5 
246-5 
248-5 
250-5 


944-3 

943 

941-5 

940-2 

988-8 


15-5 

150 

14-5 

14 

13-6 


155 
160 
165 
170 
175 


360-5 

363 

366 

368-5 

370-5 


821-6 

824 

827 

829-5 

831-5 


859-9 

858 

856-2 

854-5 

852-7 

851 

849-4 

847-8 

846-2 

844-7 


2-92 
2-84 
2-76 
2-68 
2-6 


32 
84 
36 
38 
40 


254 

257-5 

261 

264 

267 


715 

718-5 

722 

725 

728 


936-2 

933-7 

931-3 

929 

926-6 


12-8 
12-1 
11-5 
10-9 
10-4 


180 
185 
190 
195 
200 


878 

375 

377 

379-6 

381-5 


834 

886 

838 

840-5 

842-6 


2-53 
2-47 
2-41 
2-86 
2-80 


42 
44 

46 
48 
50 


270 

273 

276 

278-5 

281 


731 

734 

737 

739-5 

742 


924-6 
922-6 
920-7 
918-9 
917 


9-92 

9-49 

9-1 

8-74 

8-41 


205 
210 
215 
220 
225 


883-6 
385-5 
387-5 
389-5 
391-5 


844-5 
846-5 
848-5 
850-5 
852-5 


843-1 
841-7 
840-2 
838-8 
837-4 


2*25 

2*20 

2-16 

2-1 

2-06 



For intermediate values at low pressnres refer to folded diagrams. 
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Pleasure «t«an:er : Lake 


Tur>ire Stcamahip 


Hawthorn. Leslie. 4 Co. 


2«) 





33 





20 


9 


tM 




Ocurio 


0.«mf*n> 
















W** 


Maheuo 


Iat«r-Ojlon;al 


I'm n S:eau.ship Cotxi- 


Denny Brothers 


400 





50 





33 


6 






pany .-f New Zealard 










1 








BiQgen 


Australian Pauenger 




Workman and Clarke 


300 













?•» 


VioU'rian 


AtlantK' Intenuetiiate 


Allan Steanuhip Com- 


DiUo 


54U 





60 ' 





42 


6 


t«* 




>er\ ice 


pany 


















Oarmania 


Atlautic Mail 


Canard C'-^mpanv 


John Bn>«rn 4 Co. 


«72 


6 


72 





52 


Q 


t#v 


»w OunarJers 


Ditlo 


Ditto 


John Brown 4 Co. and 


7&f 





88 


. 






^?^ 








Swan 4 Uonter 














^^4^ 


Amoihyii 


Thiri-claii cruiMrr 


Royal N'tvy [ 


Annstn«nK. Whit- \ 
worth. 4 Co. / 


360 


u 


40 











I.ul»eck 


Ditto 


German Navy 


Voloan Comiisny 


341 





43 


3 






I^V 


Salem 


Scout cruiaer 


United State* Nary 


Bath Iron Work* 


4:20 





46 


8 






^X^ 


ihi'*t«-r 


i»;tt.^ 


Ditto 


FtireRiver'*. A- E. Co. 


42«« 





46 


8 






•*v 


Urvailnvuight 


r^attleship 


Roial Navy 


Portsmouth Dockyard 














-«»v 


(>rion cla^s 


Amioiired cniiseri 


Ditto 


Ditto 














>(*V 


No. ':43 
lllH-lIule 


K\i*erimcntal torpedc»- 
hoa: 
Ditto 


French Navy 
Ditto 


.<ooiete dei F. ami C. 

Me^iiterrauee 

Ditto 
















v'un^liD'' 


Ditto 


Ditto 




152 


c 


15 


3 


8 




H*^ 


V 


jrpeilo-boat 


Ditto 


N'umiand 


125 





14 









H«* 




Ditto 


Ditto 


Ditto 


125 





14 









jtf^ 




o*boat defltm\er 


German Na%y 


.'^chiohau 


2iiO 


u 


23 









** 




imental stoaiii- 

yarlit 


Curti* Marine Ttirbiiie 
Company 




140 





17 










. two reuels for the Great CentnA BaW^m C<wa^wkiA^<>^«^3t^* kVk»sl^^*»sMWL'^^:«Bfiw»i 



EiKAXi UlMJC^iS^iUINO AnU 


UALA. 














BqnlTm- 
leat 


Number 


Screws 


BeTolntioot 


BoUer 


DU. 


PropeUer 
Diameter. 




lit 


Speed. 


of 1 


sE2t. 




ninute. 




Pret. 
•are. 

lb. 


place- 
ment. 


BSMARK8. 




knoU 


I.H.P. 












torn 


ft. in. 






82 


2,000 


3 


3 




2300 




210 


46 


1 6 


Only one screw, 28 in. in diameter, now 
fitted to each shaft 




80.48 


8,600 


:< 


1 Centre 

2 Wing 


{ 


505 C. 
750 W. 
760 C. 


! 


150 


700 
900 


{tn 


Put in senrice July 1901. 

Put in service July 1902. Very Uigdy 




2L4S 


4,40U 


3 




1090 W. 


) 


150 


used for experimental trials. 




86.68 


13,000 


4 






1180 




240 


390 


8 4 


Launched Sept. 6, 1899. Ban ashore, 
and lost, during naval manauTres In 
1901. Trials made in 1900. 




80.8 


10,000 


4 






1050 




240 


450 


2 9 


Sank at sea in Sept. 1901. 




27.1 


7,000 


4 






890 




240 


440 


4 


Beciproeating cruising engines on inner 
shafta, 7^ in., 11 in., and 16 in. In dia- 
meter, with a 9 in. stroke ; 490 r.pon. 
















































26.2 


7,500 


8 






940 




250 


670 


8 3 


Launched February 1902. 




26.0 


8,600 


8 






12(K) 




220 


225 


8 


Twelve building. 




88.0 


15,000 


3 






700 




220 


800 


6 


Five building. 




36.0 


28,000 


4 






600 




260 


1,600 


7 


Details under consideration. 





28.86 


2,200 


3 






1200 




226 


146 




One 3.ft. screw now fitted to each shaft 





18.02 


3,800 


3 




( 


650 C. 
700 W. 


} 


180 


1,400 


ittl) 






16.0 


1,400 


8 






900 




160 


900 








16.0 


1,800 


3 










150 


1,250 


^^ 


Thames yacht measurement 




14.6 


1,260 


2 






560 




160 


782 




Only twin. 




18 


4,000 


3 












2,800 








18 


6,500 


3 










150 


8,100 


^^ 


In process of conversion from paddle en- 
ijnes to turbines. Vessel bnUt in 1868 
by Samuda. 














































6 


21.73 


8,600 


3 




{ 


480 0. 
500 W. 


} 


150 




{??} 


Screws originally arranged as in King 
Edward ; 18 knoU astern speed. 





21.6 


6,000 


8 




{ 


480 C. 
510 W. 


} 


160 


1,200 






6 


20.7 


6,500 


8 






600 




150 


1,760 


6 


Bow rudder fitted. 


6 


22.8 


7,000 


8 




( 


670 C. 
760 W. 




160 


1,960 


6 




e 


23.14 


8,600 


3 




1 


530 C. 
610 W. 


.' 


200 


2,000 


r 6 8 
\ 6 7 




e 


23.53 


9,500 


3 






430 




160 


.. 


6 6 




e 


22.9 


9,000 


3 






440 




160 




6 


Sister.ship Invicta. 


s 


21.75 


6,500 


3 






600 




150 


1,360 


6 


See BngifiMTing, August 18, 1906. 





28* 


9,600 


3 
8 






430 




160 






Three building. 


7 


24 


12,000 


3 






490 




150 


1,960 




Astern speed, 16 knots ; 416 r.p.m. 





20 


6,000 


2 


1 1 








2,000 


.. 


Curtis turbines. 




18 


6,000 


8 








160 


2,170 


.. 


Sister-ships Links, Lunka, Lama. 


6 


20.2 


6,800 


3 


1 


650 




150 


2,400 


6 8 




6 


19 
17.5 


3,600 


3 
8 




650 




160 


1,100 


4 U 




6 


19.6 


12*000 


3 
3 


J 
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180 


18,000 


8 9 ^ 

14 . 


Also Virginian, built by Stephen A Sona. 
Weight saved by adopting turbines, 























21 


21,000 


3 




186 




105 


30,000 


400 tons. Passengers increased 60. 





25 


66,000 


4 


1 1 


166 




196 




17 3 


Two building. 


6 


/21.75t 
\ 23.63: 


9,800 
14,000 


}" 


; { 


450 C. 
490 W. 


} 


260 


3,000 


6 6 


See Engineering, November 18, 1904. 


6 


22t 


10,000 


4 




650 






8,200 






9 


24 


16,000 


4 




500 




260 


8,760 


6 6 




9 


24 


16,000 










250 


8,750 




Curtis turbine. 




21 


23,000 


4 




300 




260 


18,000 


9"8 






24 


28,000 


4 








260 






Designs still under consideration. 




21 


1,800 


2 


Varioas 


1800 






"92 


Variona 

n 


/ Bateau turbines. See Transactions of 
y the Institution of Naval Ardilteota, 





26.4 


2,200 


3 


VariouB 1 


575 R. 
1800 T. 


} 




140 


*} 


V 1904. 




26.6 


2,200 


3 






260 


95 




Brequet turbines. 




26 


2,200 




1 






250 


96 




Astern speed, 16.7 knots. 





28.3 


6,000 


. 




866 






850 


Various 


Curtis turbines. 





18 


1,800 


2 


» , 


650 




250 




4 6 





/ Designed, 
' ib0 Metropolitan Steanuhlp Company (New Vork and Boiton ierrkft\ lin^ ^%i\ox»Ujit%V|:oL^w«BJctfk, 
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I. 
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\ \MU I -s^xi ■,'„.» .-. \;*v.ON. ;v. S»^. i)4. S^i^. 

Tviv\ i\ittMUo, S6. 
V^U^I^UMn^, ^HSMionuos of. 12<^9. 
^^*V |V(iinl)ol (low tuihino. til. 

lulMioHiin^ oil, »0, 104. 



Criticsl pressure, 34, 35. 
speed, 176. 

velocity, disc friction, 176. 
of shafting, torsional, 236. 
of shaftinff, whirling, 274. 
of stepped shafts, 281. 
of steam, 36. 
Curtis turbine, 22, 88, 148. 
governing, 218, 226. 
vanes, 173. 



Damping of pressure oscillations, 54. 
De Laval impulse turbine, 21, 67. 
turbine, steam consumption, 257, 264. 
governing, 212, 218. 
governor, 225. 
nozzles, 43. 
nnction turbine, 24. 
IVfinition of a turbine, 2. 
IMagrem efficiency, 3, 109, 166. 
Discharge from nozzles, 41, 46. 

maximum, 44. 
Diiio friction, 175. 
ovvtfioionts for air, 177. 

jitrtim, 179. 
in Kateau turbine, 79. 
vaounui, 225. 
l>is^\ stresses in flat solid, 192. 
in i^rforated, 204. 
in uniform, 197. 
Di5^\ solid, flaws in, 205. 

SI Tv^ngth of rotating, 81, 188. 
IV.sj^Idkvuiont, variable, of rotor, 231. 
Diverginict* of nozzles, 43. 
IVuMe motion turbines, 106. 
Drv^wnevi vanes, 16. 
l^rvnoss and wetness of steam, 65. 
ft-aotion, 28. 32. 
\*anation during expansion, 28. 
in vano (Passages, 124. 
Drum, diameters, type 4, 152. 
Knlance of, 99. 101. 
stages on a given stepped, 1 54. 
stresses in, 206. 
Dummy or l^alance pistons, 99, 101, 106. 
leakaj^o, 163. 
, Dunkerley's formula for critical velocity 
of whirling, 277. 
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Economical vacuum, 270. 
Economics of condensing, 269. 
Efficiency, rliagram, 3, 109, 147, 165. 
electro-thernio-dynamic, 266. 
experiment, 4. 
maximum observed, 7, 71. 
of deflecting surfaces, 6. 
jet impact, 3. 
nozzles, 31, 43. 
Pelton wheels, 71. 
rectangular nozzles, 43. 
type 1, 118. 
type 2, 140, 147. 
type 3, 149. 
type 4, 155. 
thermo-dynamic, 265. 
Electric governors, 226. 

driving, speed, 282. 
Electro- thermo-dynamic eflBciency, 266. 
Elastic bearin;jts, 95, 98, 101. 
Energy, kinetic, of steam, 26, 40. 

loss of, in vane passages, 111. 
Erosion of vanes, 64. 

Errors introduced by practical conditions, 
type 1, 128. 
type 2, 149. 
type 3, 149. 
Expansion of turbine case, 106, 165. 
Experiments, on discharge from nozzles, 40. 
on disc friction, Lewicki's, 177, 178. 
Odell's, 176. 
Stodola's, 177. 
on pre^ure oscillations, in nozzles, 37. 
in vane passages, 50. 
outside nozzles, 39, 51. 
to ascertain moment of inertia, 240. 
vane losses, 112. 



Factor of safety, rotating discs, 73, 207. 

Ferranti's imnulse turbine, 21. 

Flaws in solid discs, 205, 207. 

Flow of steam, in Parsons turbine, 63, 163. 

resisted, 31. 

unresisted, 26. 
Flywheel eff'ect, 231. 
Footstep bearing, 89. 
Forced lubrication, 90, 96. 
Fracture of rotating discs, 206. 
Friction, disc, 175. 

vane, 111. 
or ventilating, 177. 
Frictional loss on vanes, 111. 

coefficients, 112. 
Fullagar turbine, type 1 , 79. 

type 4, 104. 
Fullagar's leakage bafflers, 79, 170. 



Gases, 6ow of, 26. 

Glands, Parsons, 97, 101, 102, 243. 

Governing bv throttling, 210. 

periodic arl mission, 222. 

variable admission, 217 



Governing devices, throttling, 210. 

of Curtis turbines, 93. 

Parsons turbines, 98, 99, 228. 

steam turbines, 208. 
Governor, Curtis, 226. 

De Laval, 225. 

electric, 98, 99, 226. 

Parsons, 98, 99, 228. 

valve, Rateau, 217. 

variation of speed, 230. 

Zoelly, 225. 



Heat, effect of variation of, 166. 

specific, superheated steam, 29, 88, 182. 
Hero's reaction turbine, 28. 
Historical notes on turbines, 18. 



Impact, or shock, losses, 8, 117. 

wheels, 18. 

Real and Pichon's, 22. 
Impulse turbine, definition, 11, 18, 18. 

compound, 67. 

De Laval, 21, 67. 

Ferranti, 22. 

Perrigault, 20. 

Pilbrow, 18. 

simple, 66. 

Wilson, 19. 
Impulse and reaction, distinctions, 11. 

turbines, distinction, 16, 66. 

combined, 57. 

mixed, 62. 
Impulsive pressure on vanes, 2, 6, 6, 14. 
Indicator diagrams, Parsons steamchest, 

224. 
Inertia of rotor, 289. 
Internal combustion method, 24. 
Isotropy of material, 188. 



Jointing material, 101. 



Kinetic energy of steam, 26, 40. 



Lead, 180, 148. 
Leakage, 77. 

prevention of, 85, 86, 96, 99. 

m type 1, 126. 
tyi>e 8, 149. 
type 4, 161. 

past dummies and glands, 99, 168, 
166. 
Leneth of vanes, 123, 158. 
Load factor, 269. 
Losses, by shock, 3, 117. 

in open buckets, 120. 

in vane passages, 111, 116, 136. 

sources of. 111. 

vane, ty|>e 2, 8, 147. 
Lubrication, 79, 90, 96, 104. 
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Kteh of ▼»!«■, type 4, 161. 
Pofon *^ imtio, 189. 
IVbhotb aeticm, 2. 
PnMire, eritioal, 84. 

fan of, in turbine, 228. 

OB pline forfiMe, 2. 

oieulations in vane pMnges, 50. 

torWne, gnuliuted, 67. 
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V^**.*'*'^ .,irN.r.f. i*rf:.-p=:r::» ^-f, &^i08. 
x.*x ..u'.-/. .i;-M:'.v.<ntor. 244. 

x^«,vx A^V^ IMU*!^* **t<\. 1^?. 

,vv%uv.o!v:.. i>i>. lar, 16$. iw, in. 

^VvN .^ *^*>*:u »hrv»u*:h vane i>4ssai:«s, 12$, 

V. w. :s. 

>V.»..i s' •^i>"»'*^»^'". J^nv^mnJ: by. 222. i 

o>v\»»»*S *»»** iKwhtvl «»ffev*t. 231. 

J kttlM^ turbiui^. 20. 

» (urbino, IS. 



EAXSBOTTOMrinninj^ds, 102, 164, 
AAtoMi, compoana turbine, 77. 

low-mMore tarbine, efficiency, 86, 267. 

noole experiments, 43. 

Pdton wheel, 71. 
fieaetioQ, 9. 

degree of, 18. 

tortnne, compound, 62. 
De UteI, 26. 

description of, and diatinctiona, 11, 18. 
16. -^ » » 

Hero, 28. 
James Watt, 28. 
mixed impnlse and, 62. 
vait^ 10, 66. 
Toomaiie, 22. 
Von Ratben, 24. 
Wilaon,25. 
R«al and Piehon impact wheels, 23. 
Kaexprocating engine and steam consnmp- 
tioiia,258. 
^cperheat. 24^261. 
turbine, 266-269. 
▼:h:cium. 241. 
E^esaiTal relodty, disposal of, 110, 111, 128. 

129. 
Knescasicv. disc, 175. 

rfci^f. 177. 
RMbMvd d^yw thiungh nozzles, etc, 81. 
R:Ai>r^c;impf compound turbine, 84, 86. 

iiSii'ie wrbme, 78. 
R.>iifnt:Ai2. noole exi«riments, 36, 39. 
Ko:a:i2i: diae. sui^Msed uniformly stressed, 
197. 
d».*s, srrvuj^h of, 188. 
ellipsoid, stzvsses in, 196. 
flat disc, stivsses in, 192. 
ring, stivtsses in, 206. 
Rotor, moment of inertia of, 240. 



Scotch Barker mill, 25. 
Seger double motion turbine, 108. 
Shaft whirling, case of, fixed at both ends 
229. 

loaded, massless, 275. 

overhung, 276. 

supported at both ends, 278. 
Shafts, whirling of, 275. 
Shafting, torsional oscillations of, 286. 
Shock, or impact losses, 3, 117. 
Shroudings, perforated, 206. 
Specific heat of superheated steam, 29, 182. 

cur\'e for use, 186. 
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specific Toliime of superheated steam, 187. 
Speed, critical, 176. 
of CurtLB turbines, 284. 
De LaTal turbines, 67. 
marine turbines, 285. 
Parsons turbines, 283. 
turbines, 282. 
turbo-alternators, 282. 
Tuiable, in turbine, 86. 
Tsriation in governing, 230. 
Spilling, 6, 65, 147. 
Square or rectangular nozzles, 43, 47. 
Stages, number of in type 1, 59, 120. 
type 2, 60, 140. 
type 8, 62, 149. 
type 4, 63, 154, 156. 
Steihm and water turbines, distinctions, 16, 

17. 
Steam, centrifugal effect of, 47. 
consumption curve, 209. 

of mcdem reciprocating engines (Table), 

258. 
of turbines, 241. 
table of, 256. 
type 2 (Terry), 85. 
with superheat, 249. 
saturated, properties of, 289. 
specific heat of superheated, 182. 

volume of superheated, 187. 
spilling, 6, 65, 147. 
total heat of, 27. 
velocity of, 26. 
wetness of, 65. 
Stodola, experiments with discs, 177. 

nozzles, 36. 
Stream lines or trajectory, 132. 
Strength of rotating discs, 188. 
Stresses in flat solid disc, 192. 
perforated disc, 204. 
rotating bodies, 188. 
thin ring, 206. 
Stuffing boxes or glands, 97, 101. 
Stumpf, compound turbine, 84, 86. 

simple turbine, 73. 
Sui}erneat, measurement of, 253. 
Superheated steam and Curtis turbines, 
183. 
specific heat, 182. 
volume, 187. 
Superheaters, 251. 
Superheating, effect of, 248. 



Taper of nozzles, 43. 
Terry turbine, 85. 
Thermometer fittings, 254. 

position of, 253. 
Thermometry, 258. 
Thermo-dynamic efficiency, 265. 
Throttling, governing by, 210-217. 

devices, 225. 
Thrust, longitudinal, 79. 

mean effective, 286. 
Thrust-block, 104. 



Time of pressure drop in turbine, 228. 
Torsional oscillations of shafts, 236. 
Toumaire's turbine, 22. 
Trajectory of stream in vane passages, 132. 
Turbine, definition of, 2. 
steamers, table of, 290. 
vanes, making and fitting, 167. 
Turbines, double motion, 106. 
efficiency of type 1, 118. 
type 2. 140, 147. 
type 8, 149. 
type 4, 155. 
impulse, 18. 
marine, speed of, 288. 
practical, compound, 76, 
open vane, 71. 
simple impulse, 67. 
reaction, 13, 28. 
steam consumption, 241. 
speed of, 283. 

tnermo-dynamic efficiency, 265. 
types of, 65. 
mipulse and reaction, 57. 
combined veloci^ and pressure, 60. 
compound impulse, 57. 

reaction, 62. 
graduated pressure, 57. 
graduated velocity, 60. 
impulse, 18, 55. 

mixed impulse and reaction, 13, 62. 
pure reaction, 55. 



Vacuum auffmentor, 244. 
and variaole load, 243. 
cooling water for, 245". 
economical, 270. 
effect of, 241. 
Vane erosion, 64. 
friction. 111, 175. 
losses. 111, 147. 
passages, area through, type 1, 123. 

type 2, 143. 

type 4, 159. 

loss of energy in, 111. 

pressure osculations in, 50. 
resistance, 177. 

coefficients for air, 178, 
steam, 179. 
Vanes, composition of, 65, 99. 
construction and fitting, 167-174. 
Curtis, 94, 173. 
De Laval, 167. 
Fagerstrom, 173. 
FuTlagar, 167, 171, 172, 174. 
length of, 123, 143. 
mathematical shape of, 130, 138. 
Parsons, 99, 167, 168, 169, 171. 
pitch of, type 4, 161. 
kateau, 171. 
risk in stripping, 273. 
Schmidt, 168. 
Seger, 167, 168. 
Stoney, 169. 
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Vanes, thickness of, 128, 137, 147. 

Zoelly, 81, 83, 173. 
Yariable admission, governing by, 217. 

speed turbine, Stumpf system, 86. 
Yaiiation of speed in governing, 

230. 
Velocity, diagram, fundamental, 12. 
of steam, sSs. 
issuin^f from nozzles, actual, 33, 34. 
critical, 36. 

theoretical, 28, 29, 30, 45. 
of whirl, 12. 
Velocity, residual or waste, 110, HI. 

variation of rotor, 231. 
Ventilating vane passages, 9. 
Vibration of shafts, lateral, 274. 
torsional, 236. 



Water and steam turbines, distinctions, 16, 

17. 
Water in nozzles, 47. 

vane passages, 47. 
Water-sealed glands, etc, 164. 
WaU's turbine, 23. 
Wetness, relative, in turbines, 65. 
Whirl, velocity of, 12. 
Whirling of shafts, 274. 
Willan's line, 209. 
Wilson's experiments on velocity of steam, 26. 

impulse turbine, 19. 

reaction, 24. 
Work done, adiabatic expansion, 29. 

Zoelly turbine, 79. 
steam consumption, 257, 263. 
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